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With increasing urban populations (Boyd 2015), also comes higher land resource 
demands and more concentrated pollution levels. Increasing the efficiency of transportation 
systems is key to fostering sustainable urban development because it can decrease urban 
pollution levels, better meet the social demands of its residents, and decrease vehicle fuel 
consumption – encompassing the three pillars of sustainability: social, environment, and 
economic. This study aims to better understand the environmental impact of traffic light 
coordination and their timing policies in a randomly generated traffic network on an urban area. 
We focus on the effect of three different stoplight policies on emission and congestion. 
Transportation is a basic human need and an area of sustainable development with great 
potential. The United Nations states that achieving sustainable transportation is a key component 
in the development of sustainable cities across the world (United Nations 2016). The number of 
vehicles on the roads are increasing, as are their emission levels (Environmental Protection 
Agency 2017). In the United States alone, over 263 million vehicles were registered by 2015 
(Bureau Of Transportation Statistics 2015).  
The coordination of stoplight timing has the potential to mitigate not only traffic-related 
congestion, but also traffic-related emissions. An acceleration following either a deceleration or a 
complete stop due to a red light that has turned green is responsible for significantly more carbon 
dioxide (CO2) emissions than cruising at a constant speed when approaching a green light 
(Ericsson 2001). Congestion decreases the fuel efficiency of all vehicle types on the road 
(Bigazzi, Clifton and Gregor 2014). With decreased fuel efficiency comes increased CO2 
emissions (Barth et al. 2007). Stoplights are responsible for much of vehicles’ halts and changes 
in acceleration. Depending on the sequences of the traffic lights and the flow of traffic, the lights 
can both cause and relieve congestion, especially in large cities because of the high concentration 
of intersections with traffic lights. Just in New York City there were 12,460 recorded 
intersections that were stoplight-regulated (NYC DOT 2012), and out of the 3,360 intersections 
found in the Manhattan borough (Howe 2010), 2,820 of them are operated by traffic lights (NYC 
DOT 2012).  
In this study, three stoplight timing policies are assessed for their effect on vehicle 
emissions for random traffic scenarios on a given downtown area. Without loss of generality, 
vehicle emissions are assumed to be primarily caused by acceleration and deceleration. Traffic is 
modeled using a variation of a cell transition model to capture traffic as density-dependent flows 
(Daganzo 1995). To block any secondary effects in the system, all vehicles are assumed to have 
identical characteristics. This study assumes 100% penetration of vehicle autonomy, or in other 
words driver-less vehicles. It also assumes vehicle-to-infrastructure (V2X) technology, which 
includes vehicle-to-vehicle (V2V) communication of the vehicles’ locations and speeds as well 
as communication with other network infrastructure such as traffic lights. These vehicle 
assumptions aid in the simplicity and accuracy of the cell transmission model application. V2X 
is also known for its potential to improve traffic safety and decrease idling time (Abboud, Omar 
and Zhuang 2016). We compare the performance, as captured on the total emission levels of 
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traffic controlled by three stoplight timing policies: a conventionally timed traffic light system, a 
system with traffic flow-dependent lights, and a light-less system. 
2. Introduction 
Traffic light policies can help mitigate vehicle emissions in cities around the globe if 
applied in large urban networks accompanied with 100% V2X penetration; V2X’s fast-growing 
development provides the opportunity to mitigate vehicle emissions and congestion caused by 
conventional traffic coordination. In 1920, the first bicolor traffic light was introduced in New 
York’s Fifth Avenue to decrease congestion, collisions, and travel time of residents (Gardner 
2017). In modern day, conventional traffic control consisting of periodic sequenced traffic lights 
may be inefficient because it is not capable of adjusting light patterns to meet increasing road 
transportation demands in a sustainable manner. This may worsen as populations and vehicles on 
the road increase. The 2014 estimated number of globally registered vehicles was roughly 1.2 
billion, and the number is expected to reach 2 billion by 2035 (Voelcker 2014). Due to these 
concerns, the United Nations has declared sustainable transportation to be at the core of all 
sustainable development goals, which includes decent work and economic growth as well as 
clean water and sanitation among many others (United Nations 2016). 
For conventional traffic lights, changes in traffic light color patterns are periodic at fixed 
time intervals. Fixed-time traffic light policies do not adjust to actual traffic flows, and can only 
improve traffic flow if used in the traffic conditions for which its timing was designed. Traffic 
density and direction can change throughout a weekday as people travel to and from work, and 
even unique traffic patterns can be observed on weekends. Traffic density may also change 
unexpectedly in the case of storms, accidents, special events, terrorism, or even seasonality. If 
the traffic flow changes, then the traffic signals will enforce unnecessary stopping, which would 
cause congestion (WSDOT 2018). After collecting city data over a long period of time, 
conventional traffic lights may be programed to tackle certain traffic patterns, but may cause 
dangerous congestion once the traffic patterns change (Ramsey 1963).  
Although not heavily implemented, adaptive traffic light policies are able to adjust their 
light phase lengths based on incoming traffic flow data every few minutes, whereas conventional 
fixed-time traffic lights are adjusted based on historical traffic flow data every 3-5 years 
(USDOT, 2007). The adaptive traffic light system has sensors that change their light sequence 
based on real-time traffic demands (Oh, Ritchie, and Oh 2007; Stevanovic 2010). Only 3 percent 
of the traffic signals in the USA were adaptive in 2015 (Sanburn 2015). Currently, companies are 
trying to include smarter adaptive systems. For example, Verizon Wireless, an American 
telecommunications company, is implementing these efforts in Sacramento, California. Verizon 
is optimizing traffic light sequences to increase traffic flow using smart pavements with sensors, 
for awareness of vehicle and pedestrian location (Verizon 2018).  
In 2015, transportation was second to electricity for the most greenhouse gas emitting 
economic sector in the United States (Environmental Protection Agency 2015). There are many 
factors which contribute to a vehicle’s CO2 output, but idling due to congestion accounts for 40% 
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of a vehicle’s total journey on average (Cassini 2011). In an assessment of idling in road traffic 
congestion in the UK, France, Germany, and the USA, drivers were found to spend on average 
36 hours sitting in traffic in a single year (CEBR 2014). Direct and indirect economy-wide costs 
related to solely congestion in the previously mentioned countries totaled to over 124 million 
USD. Even more concerning, this cost is expected to rise by 50% by the year 2030 (CEBR 
2014). The emissions which are caused by idling in road traffic congestion are also vast, 
especially in the United States. In the US alone, the monetary equivalent of CO2 emissions due to 
congestion in 2013 was estimated to be $949,000 per capita. This value is excessive when 
compared with values from UK, France, and Germany of $160,000, $210,000, and $270,000 
USD per capita, respectively (CEBR 2014). 
Vehicle emissions are not constant and their rate changes throughout a vehicle’s journey. 
For example, accelerating when a vehicle was previously stopped or decelerating is responsible 
for a vehicle’s drop in fuel efficiency and the majority of emissions in a given trip. Because of 
this, stoplights are responsible for significant changes in vehicle acceleration and emission 
outputs. A study assessed the effects of vehicle acceleration rates on three emission gases: 
carbon monoxide (CO), hydrocarbon (HC), and oxides of nitrogen (NOx) (Hesham Rakha and 
Ding 2003). It concluded that the three emission gases depended more on acceleration than the 
speed at which the vehicle is going while cruising – criticizing many emission models which use 
average vehicle speeds for their calculations. The lowest emission rates of a vehicle occur when 
the change in acceleration is the lowest. Hesham Rakha & Ding (2003) and Choudhary & 
Gokhale (2016) conclude that mitigation of harsh deceleration and acceleration rates would limit 
vehicle fuel consumption and emissions. In fact, unlike acceleration, the average trip speed is not 
an indicator of vehicle emissions due to the lack of indication of acceleration intensity (H. Rakha 
et al. 2000). Factors that influence acceleration include traffic congestion, ground elevation, 
traffic lights, speed limit adjustments, and stop signs. For a vehicle to take a harsh change in 
acceleration, there must be some form of flow interruption. Although harsh driving stems from 
the characteristics of individual drivers and thus, cannot be directly controlled, harsh driving may 
be limited by unnecessary congestion and flow interruption throughout the vehicle’s trip 
(Choudhary and Gokhale 2016). 
Some driver habits of harsh acceleration developed due to conventional traffic lights. For 
example, it is common for drivers to accelerate to meet traffic lights at green and quickly 
decelerate in a harsh manner at unanticipated yellow lights. Harsh driving has a lot to do with the 
psychology of the individual driver. For example, the brain reacts anxiously when running late 
and is more likely to take risks when driving (Glazer 1997), leading to harsh changes in vehicle 
speed. In fact, Glazer (1997) reported that when drivers were asked to explain for their 
aggressive driving, being late was the most common response. It is determined that after coming 
to a complete stop at traffic light, a vehicle is likely to accelerate at a rate of 0.64 m/s2 for roads 
with speed limits up to 50 km/hr. In roads with higher speed limits such as 60 and 70 km/hr , a 
vehicle rate of acceleration following a complete stop can be expected to be at 0.49 and 0.36 
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m/s2, respectively (Omar et. al. 2018). Thus, at higher road speed limits, drivers execute lower 
acceleration rates than at roads with lower speed limits.  
V2X and vehicle autonomy research is continuously emerging and has the potential to 
decrease aggressive driving, traffic congestion, and vehicle emissions. The implementation of 
V2V (vehicle-to-vehicle) is already standard in the newest Cadillacs (Lavina 2017). It has been 
announced that Qualcomm communications partnered with major Chinese automakers to release 
V2X capabilities in cars this coming year (Lawson 2018). In addition, there has already been 
interest in V2X technology’s opportunity of reducing emissions (Hesham Rakha and 
Kamalanathsharma 2011; Ubiergo and Jin 2016). Vehicle autonomy is expected to mitigate 
deviations of aggressive driving caused by characteristics of the individual driver. V2X would 
allow for intersections to base their light sequences on vehicle location information. If 
programmed, this can also allow for minimizing of vehicle emissions using V2X traffic data 
from nearby vehicles. Thus, data sharing between traffic lights and vehicles is expected to 
generate opportunities to lower emissions. 
Due to V2X and autonomy improvements, lightless intersections have been considered in 
this study, in which vehicles enter an intersection following the rules of a four way stop sign, 
halting only when necessary. Many cities in England fully adapted lightless intersections after 
observing reduced congestion when implementing this policy on a coastal city with a fast-
growing population (Erickson 2012). Lightless intersections may also provide less emissions 
than a conventional traffic light system, especially considering 100% V2X vehicle penetration. 
In this study, the research objective is to determine if there is any statistical difference in the 
emissions generated by the vehicles in a given urban area when implementing the three different 
traffic light policies under scenarios that control three factors: number of vehicles in the system, 
distance between intersections, and road speed limits. The following section reviews literature 
research, assumptions, methods, and conclusions that are useful in designing the experimental 
methods and assumptions of study’s research question. 
3. Background 
Few traffic light optimization efforts consider the effects of traffic light policies on 
emissions, especially on macroscale levels. The literature review for this study reaches four main 
topics: dynamic traffic simulations, traffic light sequencing policies, macroscopic traffic 
emission models, and relevant vehicle technology (Figure 1). As can be observed in Figure 1, 
three dynamic traffic simulation models were evaluated. These models were assessed for their 
ability to simulate intersection policies and macroscopic traffic in congested levels. The three 
traffic light sequencing policies observed in Figure 1 were evaluated for their relevance and are 
all included in this study. The relevance for each of these policies was explained in the Section 2, 
and the policy details that are adapted in this study can be found in Section 4. A macroscopic 
emission model was found to complement the dynamic traffic simulation in understanding the 
impact of traffic light policies on vehicle acceleration and emission rates. This section also 
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includes an evaluation of the accuracy and implications of implementing V2X and autonomy 
technology with the chosen dynamic traffic simulation model. 
 
 
Figure 1. Summary of Literature Review topics. 
Traffic models used for mitigation of traffic-induced emissions are dominantly applied in 
microscale circumstances. Osorio & Nanduri (2015) offers a literature review that discusses the 
coupling of emission models with vehicular traffic models for a variety of transportation 
analyses and demonstrates the level at which each of the models used in the studies behave: 
macro-, meso-, or microscopic. Only five of the studies in Osorio & Nanduri (2015) used a 
macroscopic traffic model (Li et al. 2004; Williams and Yu 2001; Zegeye et al. 2009, 2013; 
Osorio and Nanduri 2015) compared to 11 studies which used either a micro- or mesoscopic 
system (Hesham Rakha, Ahn, and Trani 2004; Bai, Chiu, and Niemeier 2007; Bartin, 
Mudigonda, and Ozbay 2007; Xie et al. 2011; Madireddy et al. 2011; Liu and Tate 2004; Int 
Panis, Broekx, and Liu 2006; Cappiello 2002; Lin et al. 2011; Lee et al. 2009; Ahn and Rakha 
2008; Stevanovic et al. 2009). Microscopic systems are agent-based and provide vehicle-specific 
emissions and rates (Nagel and Schreckenberg 1992). However, microscopic traffic systems can 
be more computationally expensive and would require the aggregation of all agents’ 
accelerations in order to calculate system-wide emissions (Ahn and Rakha 2008). Macroscopic 
systems tend to evaluate vehicles as hydrodynamic flows using attributes such as density and 
flux, which in units are vehicles per distance and vehicles per unit time, respectively (Lighthill, 
F.R.S., and Whitham 1955). A first order macroscopic system assumes velocity is given by 
density whereas a second order assumes the velocity and density are independent of each other 
(Dolfin 2012). A limitation of the macroscopic system is that its level of detail at best describes 
the average or estimated behavior of a traffic system. Due to this, the macroscopic system lacks 
the accuracy observed in the estimated emissions of a microscopic system (Daganzo 1994). 
To observe the acceleration effects of traffic light policies in a macroscale system, a dynamic 
traffic simulation model is often used to capture traffic flows in a variety of congestion levels. 
Common dynamic simulation models used for evaluating traffic light policies and their effects 
on emissions include the Simulator of Urban Mobility (SUMO) (Luca et al. 2017; Jamshidnejad 
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et al. 2017; Garc and Alba 2015; Kerner 2013), Lighthill-Whitham-Richards model (LWR) 
(Lighthill, F.R.S., and Whitham 1955), and cellular transmission models (CTM) (Daganzo 1995; 
Levin and Boyles 2016). These models were all considered as a method for this study, for they 
are commonly used for evaluating traffic light policies, often with the metric of interest being 
vehicle delay or congestion. According to a review paper (Wang et al. 2018) that shows and 
discusses studies that are focused on emissions generated by the vehicles in the system, vehicle 
emissions are sometimes introduced as a metric, however, rarely is it the primary or sole metric 
of interest (Ma, Jin, and Lei 2014; Zhang, Yin, and Chen 2013; Ubiergo and Jin 2016; Han et al. 
2016). The famous CTM dynamic traffic assignment model, which incorporates autonomous 
vehicles and is adapted in this study (Levin and Boyles 2016) does not incorporate vehicle 
emissions in their methods. 
In this study, out of the three aforementioned macroscopic simulation model methods, CTM 
was considered ideal for the modeling of a large traffic network with congestion. SUMO has a 
large solution space and randomly generates vectors for timing and traffic. It is most useful for 
microscopic modeling, and output averages must be aggregated for system-wide results before 
they are entered into a fitness function for the evaluation of the policy (Garc and Alba 2015). In 
contrast, LWR allows for simplification of modeling macroscopic systems. It can capture traffic 
as flows as opposed to individual vehicles. Its drawback is that it is ideal for light traffic and 
does not simulate congestion accurately because of shock waves that can flow upstream like they 
would in fluids, but would not be observed in traffic jams (Wang et al. 2018; Lighthill, F.R.S., 
and Whitham 1955).  
Like LWR, CTM captures traffic as flows and resembles a hydrodynamic system. However, 
CTM is an improved model of LWR in which flows can be captured even with traffic 
congestion. The CTM breaks up roads into smaller compartments of a given length called cells, 
giving the model its name. It also discretizes time in small intervals, during which a vehicle may 
pass from one cell and enter another. At each time increment the cells are evaluated for their 
metric attributes. Cells’ attributes are estimated from the number of vehicles that are passing 
through them such as the average velocity of the vehicles in the cell. All cells belong to at least 
one associated road. Furthermore, each cell has a set of preceding cells from which vehicles can 
enter to it and a set of following cells where vehicles can go to after exiting it. These sets of 
preceding and following cells may also be empty. Figure 2 represents a two-directional road with 
each direction having three lanes. The road is split into equally sized segments within each 
direction; these sections are continuous cells where vehicles enter and exit as they drive past the 
defined cell length and portion of that road (Figure 2). Cells’ densities are based on the number 
of vehicles in the cell. The cells’ velocities, or the velocities of the flows within the cells, are a 
function of the densities. Cells’ capacities may be a fixed number of vehicles or a flux-derived 
density of the vehicles driving past them. CTM is also known for its ability to well resemble 





Figure 2. CTM model cells within a single road. 
 
When using macroscopic simulation models it is common to translate velocity and 
acceleration values into microscopic values, or individual vehicle emissions, to estimate 
emissions (Int Panis, Broekx, and Liu 2006; Osorio and Nanduri 2015). In other words, 
macroscopic simulation models are commonly paired with emission models to estimate system-
wide emissions. This process is computationally inefficient when emission values can be 
estimated using flow acceleration estimates within a cell. In this study, a macroscopic emissions 
model (Zegeye et al. 2013) is introduced to aggregate these two models and simplify the 
emissions computation for a large system. This emissions model used by Zegeye et al. (2013) 
was also accompanied with CTM and uses the acceleration and emissions values over a given 
time increment per cell as opposed to per vehicle. 
Research on V2X traffic control system has primarily focused on suggested vehicle speed 
adjustments to the driver, as opposed to traffic light adjustments. For example, a microscale 
traffic flow model controls advisory speed limits (Ubiergo and Jin 2016) and a macroscale flow 
model computes an optimized speed to avoid flow de/acceleration (Tielert et al. 2010). Although 
speed adjustments can mitigate emissions and unnecessary vehicle acceleration, traffic light 
policies are also known for causing unnecessary stopping (WSDOT 2018) and there is little 
research done to understand its effects. 
Autonomy and V2V assumptions reduce the effect of spill-back traffic, or traffic shock wave 
effect, in which the point at which vehicles halt during a traffic jam will continue to travel in the 
opposite direction of traffic as long as there is continuous flow of incoming vehicles (Talebpour 
and Mahmassani 2016). This idea was explored in a study which aimed to understand the 
implications and benefits of both vehicle connectivity and automation exclusively (Talebpour 
and Mahmassani 2016). With vehicle autonomy and V2V implementation above 90%, it can be 
assumed that at the moment of acceleration, all vehicles halted at one location will accelerate at 
once, knowing that the vehicle ahead of them will also accelerate. In other words, traffic behaves 
much like fluid, continuously accelerating when a vessel is opened. V2X assumes awareness 
between vehicles and traffic lights and that vehicles’ routes are predetermined, which could 
improve traffic flow efficiency of light-operated intersections.  
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When traffic density, or vehicles per distance, increases, the traffic flow, or vehicles per 
time, also increases. Talebpour and Mahmassani (2016) portrayed results for vehicle autonomy 
and V2V individually, showing that with 0% penetration of the technology, there comes a point 
at which an increased vehicle density does not increase the traffic flow, plateauing at around 17 
veh/km/lane. At this point, the increase in number of vehicles must be causing a decrease in 
velocity great enough to affect the traffic flow and cause traffic congestion. The Talebpour and 
Mahmassani study results also showed that with 100% penetration of both technologies 
individually, the relationship between the flow and density remains linear even as vehicle density 
surpasses 30 veh/km/lane. Thus, the increase in number of vehicles is not causing a decrease in 
the velocity of the traffic with either of the technologies implemented (Talebpour and 
Mahmassani 2016). Considering a macroscopic traffic system with 100% penetration of V2X 
and autonomous vehicles, traffic light policies can be expected to vary in reducing unnecessary 
stopping, which would decrease changes in acceleration and vehicle emissions while increasing 
system-wide traffic flow (Talebpour and Mahmassani 2016). Macroscopic network model types 
can be either first or second order with velocity being a function of density or the two variables 
being independent of each other (Daganzo 1994). This study assumes a first order macroscopic 
model considering that when 100% penetration of vehicle autonomy and V2V is considered, the 
traffic relationship observed between flow and density is linear (Talebpour and Mahmassani 
2016). This assumption is further discussed in the following Section. 
4. Methodological Approach 
This study aims to evaluate the effects of traffic light policies on traffic flow and emissions. 
It does so through the simulation of a large traffic network assuming 100% penetration of V2X 
and automation. It applies the well-known traffic simulation method of cellular transmission 
model (CTM) (Adacher and Tiriolo 2018; Levin and Boyles 2016) to analyze the flow of the 
traffic system. The flow analysis is used to generate system-wide emission estimates using a 
macroscopic vehicle emission model (Zegeye et al. 2013). The simulation uses functions of flow 
hydrodynamics to capture the movement of vehicles as they travel through roads and 
intersections. Emissions generated by the traffic flow are used as performance metrics of the 
three traffic light policies evaluated.  
100% penetration of V2V/V2X and vehicle autonomy aids in the control and accuracy of this 
study by isolating the simulation’s emission effects to traffic light policies and not to other 
factors such as driver response. Other vehicle and road attributes are also controlled for this same 
purpose. This study assumes that all policies include vehicle-type uniformity, uniform elevation 
across all roads, and at least vehicle-to-vehicle (V2V) penetration for all three scenarios: 
conventional, flow-based, and lightless. All vehicles are therefore assumed to be 0.0029 miles 
long, or 4.7 meters. Vehicle-type may impact fuel consumption, de/acceleration, and emissions 
rates (Barth et al. 2007), and road elevation changes can be responsible for changes in vehicle 
fuel consumption and pollutant emissions (Boriboonsomsin and Barth 2010). Assumption of 
vehicle autonomy blocks the effects on emission due to driving behavior (Hardy and Liu 2018). 
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The three traffic light policies implemented in this study differ in system assumptions. The 
assumptions associated with each policy are listed below the policy in Figure 3. It can be 
observed in Figure 3 that all policies assume vehicle autonomy. The first policy to be evaluated 
is the conventional traffic light scenario, in which all traffic lights’ sequences are known and 
predetermined. Since the traffic light policy is conventional, there is no communication 
considered between the vehicles and infrastructure, making this a V2V system (Figure 3). It can 
be observed in Figure 3 that the second policy is flow-based and assumes V2X. This means the 
lights choose their sequences based on the traffic densities accumulated at the intersection in 
real-time. In both the first and second policy, the color sets of the traffic lights are binary, in 
which they capture two color phases: green and red. The third policy assumes V2V in a system 
without any traffic lights (Figure 3). For policy 3, the vehicles merely continue into the 
intersection if possible, following similar rules to a four way stop sign intersection but without 
the need to stop. Each policy is evaluated in various traffic scenarios including different number 
of vehicles in the system. 
 
Figure 3. Variation of policy 1, 2 and 3 assumptions. 
The traffic simulation method of this study discretizes time intervals of fixed length ∆𝑡. At 
the start of every new simulation, time begins at 0. During each discretized time interval, events 
in the simulation update vehicle locations, determine emissions, and change traffic light colors. 
After these events have occurred, the simulation time increases to 𝑡 = 𝑡 + ∆𝑡, at which point the 
events are recomputed.  
In this study, the CTM is expanded to include cells associated with intersections. Cells 
belonging to an intersection have more than one preceding and following cells. The CTM is 
adopted in this study because it takes the Lighthill-Whitham-Richards model (LWR)’s ability to 
capture traffic as one-directional flows and improves it by resembling traffic in high density 
scenarios. The notation observed in Figure 4 is used in Section 4.2 to characterize the LWR and 
CTM models, and it describes the main attributes of each cell at each time interval (Lighthill, 
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F.R.S., and Whitham 1955; Levin and Boyles 2016). Cell attributes that are unaffected by time 
include cell ID, the ID of the parent road of which it belongs to, preceding cells(s), following 
cell(s), speed limit, and others (Figure 4). The attributes under the chart on the right side are 
updated and stored throughout a single simulation at each time increment. The updating of the 
attributes happens at the end of each time interval. As the flow continues throughout the cells in 
the system, the values of these variables may change. The cell attributes which are updated at 
each time increment as flow changes in the system include velocity, acceleration, density, total 
transitional flow into cell, flow, number of vehicles, traffic light, change in flow in cell, number 
of vehicles subject to velocity in acceleration equation, and emissions (Figure 4). How these 
values are calculated is discussed further in Section 4.2. 
 
Figure 4. Notation used in this study with adaptation of CTM and emissions model notation. 
Attributes associated with cell class differentiated by variable and structural. 
An example of a single intersection traffic system can be seen in Figure 5. Figure 5 includes 
two roads with speed limits of 15 and 18 meters per second with arrows portraying the direction 
of traffic. It can be observed that the cells are numbered with their unique Cell IDs. The road 
length is defined as the distance between intersections and in this example, although there’s only 
one intersection, is 160 meters (Figure 5). In order to note the time when all vehicles have left 
the system, or when the simulation should stop running, a mock, non-visible, cell outside of the 
system is used for the sole purpose of counting the number of vehicles in it to compare the value 
to the number of vehicles populated into the system in the beginning of the replication. This cell 
is referred to as the dummy cell. 
The traffic system is conceptualized as a set of roads 𝑅. Each road 𝑟 is made of a set of cells 
𝐶𝑟. Each cell c has a set of preceding cells 𝑃𝑐 ∈ 𝐶 and a set of following cells 𝐹𝑐 ∈ 𝐶. The set 
𝐼𝑟 ⊆ 𝐶𝑟 corresponds to all intersection cells of road 𝑟. Cells belonging to an intersection cell 
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have two parent roads (i.e., 𝑘 ∈ 𝐼𝑟 & 𝑘 ∈ 𝐼𝑝 , 𝑝, 𝑟 ∈ 𝑅). For example, cells 8, 9, 24, and 25 in 
Figure 5 belong to road 1 and road 2. Cells marked with 𝛼 in Figure 5 are defined as cells just 
before an intersection (i.e., 𝛼 ⊆ 𝐶𝑟 (𝛼𝑖 = 𝑃𝑖  ∀ 𝑖 ∈ 𝐼𝑟)). 
 
 
Figure 5. CTM applied to small intersection. Identification of 𝐼𝑟, 𝑐𝑟, and 𝛼 cells. 
 Aside from some cells bordering the map network, each cell 𝑐 ∈ 𝐶𝑟 has at least one cell 
𝑝 ∈ 𝑃𝑐, or cell(s) from which traffic may have come from when entering the cell 𝑐. Similarly, a 
cell 𝑐 likely has at least one cell 𝑓 ∈ 𝐹𝑐, or cell(s) to which traffic may flow after passing cell 𝑐. 
In Figure 5 for example, the cell 24 has two preceding cells, 8 and 23 (i.e., 𝑃24 = {8, 23}) and 
two following cells, 25 and 39 (i.e., 𝐹24 = {25, 39}). In addition, cell 24 is itself a preceding cell 
of 25 and 39 and a following cell to 23 and 8 (i.e., {24} ∈ 𝑃25, {24} ∈ 𝑃39, {24} ∈ 𝐹23, {24} ∈
𝐹8). Although not in exact proportions, Figure 6 illustrates that most cells belong to both 
preceding and following sets. Figure 6 also illustrates that only some cells belong to 𝛼 and 





Figure 6. Classifications of all sets that exist within the set of cells 𝐶. 
This study considers a traffic system that can be observed in Figure 7 with 6 four-way 
intersections, each consist of 4 cells. Each road has bidirectional lanes. Road 1 and 4 are major 
roads, portraying the higher speed limits. Roads 2, 3, and 5 are considered minor roads with 
significantly lower speed limits in meters per second. This study arbitrarily includes major and 
minor roads to resemble the variance speed limits observed in city neighborhoods (NYC Gov. 
2015). This map is assumed to be symmetrical with the distances between the intersections to be 
the same, as well as the cells all having the same length and vehicle capacity. The map symmetry 
makes the results from this map easily expandable to a larger network when the assumptions are 
the same, including a steady ground elevation. Due to the topology factors being controlled, they 




Figure 7. Actual map used in this simulation study. 𝛼 cells are in blue and 𝐼𝑟 cells in yellow. 
4.1 Experimental Setup 
The experimental design in this study can be observed in Figure 8 and describes a 23 
factorial design. This means that there are 3 factors considered in this study: block size, speed 
limits, and system density. These factors can be observed in Figure 8 with each factor listing 2 
levels below it, a high and low level. This experimental design produces 8 experimental 
scenarios (Box and Hunter 2007). Block size for this study is considered the length of the road 
segment between two intersections. Speed limit is the maximum flow velocity of all the cells in a 
given road. The system density is the number of vehicles distributed in the map at the beginning 
of the simulation.  
Figure 8 shows the low level of speed limits to be 10 and 8 m/s for the major and minor 
roads. The high level of speed limits is 13 and 11 m/s for the major and minor roads. The speed 
limit values were chosen due to the acceleration limit of 2.75 m/s2 for the emissions model used 
in this study. If the speed limit goes above the chosen level values, acceleration in the cells may 
go above the emission model’s limits, which would provide misleading output values. The lower 
level of system density has 250 vehicles, and the higher level has 400 vehicles. Due to the 
limitations of the emissions model used in this study, the block sizes had to be adjusted to 200 
and 300 meters for the low and high level, respectively. The level values for number of vehicles 
and block sizes were chosen by observing the emissions model output values. If the level values 
of the number of vehicles is too low or the block sizes are too large, the model does not observe 
congestion under certain policies. In other words, these values were chosen because they observe 
congestion in all replications of each scenario, emission, and policy. In addition, these values do 
not produce acceleration values that go above the emission model limit throughout the 
simulation. The ratio of vehicles turning left, straight, and right at a given intersection is not 
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considered as a factor. This can be assumed to be fixed and arbitrary because of the symmetry 
that is assumed in the traffic map. However, there is a difference that would be observed between 
going straight and turning. Thus, this factor is controlled at all intersections for all scenarios.  
For each of the 8 scenarios generated by the factorial experimental design 100 
replications are simulated. The main response is the aggregate emissions. The number of 
replications may be adjusted based on the variance of the response variable. The residuals and 
the standard error are assessed for normality to assure that all system factor interactions are 
included (Box and Hunter 2007). In response, there might be adjustments to the high- and low-
level values for the factors observed in Figure 8 to either broaden or narrow their contrast. More 
levels may also be added to the factorial design. 
 
 
Figure 8. Scope of Study: Controlling factors used in the development of scenarios. 
A CTM implementation is ran for each replication of a scenario until all vehicles populated 
in that replication have reached their destination. The main process for the proposed CTM 
implementation is illustrated in Figure 9. The proposed CTM simulation-based approach starts 
by determining the attribute values of each of the cells in the system such as its length and set of 
preceding and following cells. Then the cells are all populated randomly with the initial number 
of vehicles for the scenario. Each of the 8 scenarios is simulated for 100 replications. For 
replications of the same scenario, the number of vehicles arranged differently. In other words, 
the density of vehicles is distributed randomly across the cells in the map at the beginning of the 
simulation setup. The time that a replication begins, a new clock time starts. At every time 
increment, the traffic lights must first be adjusted according to the policy under study. At the 
same time, the cells’ attributes such as flow and velocity are updated. During that increment, the 
emissions values of all cells are calculated and stored. Finally, the time is incremented by ∆𝑡, 10 
seconds. At the end of the replication, or when all vehicles have entered the dummy cell, the 





Figure 9. Flow chart of proposed CTM simulation for capturing traffic in terms of flows passing 
through map segments called cells. Cell variables update according to policy, scenario, 
replication, and time segments throughout the system. 
Figure 10 is the flow map expansion of the green process in Figure 9, or the “modify 
traffic lights” subprocess, that coordinates traffic lights at the intersection cells. The modify 
traffic light function is policy-dependent. For policy 1, the times when each traffic light should 
change color are fixed. Thus, lights only change if the simulation clock time has approached 
predetermined times to change during the simulation run time (Figure 10). This decision process 
is assessed at all traffic lights in the map at each time interval. 
During policy 2, the traffic light values change only if they need to, or if the 
accumulation of flow at an intersection is greater from a direction which currently has a red light 
(Figure 10). The accumulation of flow is determined by evaluating the number of vehicles at the 
four 𝛼-cells of each intersection. If any of the 𝛼 cells are at their holding capacity, the cells 
preceding them are also evaluated for if they have reached their capacity. This continues until the 
currently evaluated cell is not at its capacity, or in other words, it is not full. The cell in 𝐼𝑟 that 
has the greatest accumulated flow coming from the direction of its associated 𝛼-cell is then 
evaluated for its traffic light value. If the cell’s traffic light is green, the traffic light values at 𝐼𝑟 
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remain the same. If is not green, then the traffic light values at 𝐼𝑟 are switched. This process is 
repeated at all intersections in the system. For policy 3, no evaluation is necessary considering it 
is a lightless system.  
 
  
Figure 11 is an expansion of the yellow process in Figure 9 named “update cell 
variables”. The updating of cell attributes function is slightly policy-dependent with only 
adjustments in the updating of the cells’ policy-, scenario-, and time-dependent 
variables/attributes. There are no additional processes for policy 3, for it is as if all lights are 
constantly green, or in other words, the vessels of intersection cells are never closed. Thus, the 
only restrictions in policy 3 are the cells’ capacities. For policy 1 and 2, all cells in the system are 
evaluated. If a cell 𝑐 is not an element of 𝐼, that cell’s time-dependent attributes are automatically 
updated. Because the flow in 𝛼-cells can only proceed if the traffic light value is 1, or green 
Figure 10. Flow chart of the modification of traffic light sequences, which only occurs during 
policies 1 and 2. This is a nested flow chart of the “Modify traffic lights…” process in Figure 9. 
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(Figure 11), the cells in 𝐼 must evaluate their associated traffic light values. If green, the cell’s 
values may be updated. Otherwise, the transitional flow value is set to zero for that cell. 
 
 
Figure 11. Flow chart of the process which updates cell variables. This is a nested flow chart of 
the “Update cell variables” process in Figure 9. 
4.2 Updating Variables at a Given Time 𝒕 
In the following subsection, the calculations of the cell attributes that are updated at each 
time increment are explained in detail. Some of the most basic aspects of CTM are the cells’ 
flow, density, and number of vehicles that exist within the cell. The cell flow is the number of 
vehicles that passes through the cell per unit time whereas cell density is the number of vehicles 
occupying a cell per unit distance. The density of each cell 𝑐 at time 𝑡 is calculated by dividing 
𝑛𝑐,𝑟(𝑡), number of vehicles in the cell at time 𝑡, by the length of the cell 𝐿𝑐,𝑟, a constant: 
                                        𝑘𝑐,𝑟(𝑡) =
𝑛𝑐,𝑟(𝑡)
𝐿𝑐,𝑟






                                     (1) 
Determining a cell’s maximum flow capacity, 𝑞𝑐,𝑟
𝑚𝑎𝑥, is necessary for computing a cell’s 
velocity 𝑣𝑐,𝑟(𝑡) and flow 𝑞𝑐,𝑟(𝑡) at a given time 𝑡. It is similar to the determination of 𝑞𝑐,𝑟(𝑡) but 
rather than using real-time velocity 𝑣𝑐,𝑟(𝑡) and density 𝑘𝑐,𝑟(𝑡), these values are the speed limit 
𝑆𝑐,𝑟 of road 𝑟 and the maximum density 𝑀𝑐,𝑟 of cell 𝑐, respectively. The maximum density is 
merely the result of dividing the maximum number of vehicles that can fit in cell 𝑐 by the length 
of the cell, 𝐿𝑐,𝑟. 
                 𝑞𝑐,𝑟
𝑚𝑎𝑥 =  𝑆𝑐,𝑟 ∗  
𝑀𝑐,𝑟
𝐿𝑐,𝑟









                                     (2) 
Velocity, 𝑣𝑐,𝑟, of the flow in cell 𝑐 is selected to be the smallest value from a series of 
values at any given time 𝑡. A density-derived maximum velocity is evaluated by dividing 𝑞𝑐,𝑟
𝑚𝑎𝑥, 
the cell maximum flow capacity, by 𝑘𝑐,𝑟(𝑡), the cell density at time 𝑡. If the speed limit 𝑆𝑐,𝑟 of 
road 𝑟 is lower than the previous velocity, then the flow in the cell must follow the speed limit. 
In traditional CTM, vehicle reaction time, the spillback wave speed, and the difference between 
jam density and current density is often used for determining cell velocity. The spillback wave 
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speed is the expansion of the congested region in the direction from which traffic is entering. 
Jam density occurs when a road segment’s capacity has been met. However, in this study, 
shockwave calculations used in CTM models are ignored because of the V2V and vehicle 
autonomy assumptions of this study (Wang et al. 2018; Lighthill, F.R.S., and Whitham 1955; 
Talebpour and Mahmassani 2016). The final evaluation for velocity at time 𝑡 used in this study 
and its units for calculating velocity is explained below: 
















                              (3) 
Thus, the flow, 𝑞𝑐,𝑟(𝑡), within any cell 𝑐 at time 𝑡 is the product of the cell’s velocity, 𝑣𝑐,𝑟(𝑡), 
and density, 𝑘𝑐,𝑟(𝑡), but cannot exceed the cell’s flow capacity, 𝑞𝑐,𝑟
𝑚𝑎𝑥: 
       𝑞𝑐,𝑟(𝑡) = min(𝑣𝑐,𝑟(𝑡) ∗ 𝑘𝑐,𝑟(𝑡), 𝑞𝑐,𝑟









                (4) 
Each time 𝑡 increments, traffic lights are altered according to policies 1 and 2, 
conventional and flow-based, respectively (Figure 10). Within the same time increment, new 
values for the time-dependent attributes of a cell must be determined such as the density, 
velocity, and flow values. For policy 3, or a lightless policy, it is assumed that intersection cell 
capacity prevents collisions at intersections. Thus, no added processes are necessary for this 
policy. 
The number of vehicles that are entering cell 𝑐 between 𝑡 and 𝑡 + ∆𝑡 is represented as 
variable 𝑦𝑐,𝑟(𝑡), the total transitional flow at time 𝑡. The total transitional flow into cell 𝑐 is the 
minimum value between the sum of all the vehicles coming from the preceding cells (𝑝𝑐), ∆𝑡 
multiplied by 𝑞𝑐,𝑟
𝑚𝑎𝑥 from (2), and the number of vehicles in cell 𝑐 at time 𝑡, 𝑛𝑐,𝑟(𝑡), removed 
from the maximum number of vehicles that can fit in the cell, 𝑀𝑐,𝑟. For most cells, the total 
transitional flow is selected from the minima in Equation 5, but for intersection cells 𝐼 whose 𝑝 
includes an 𝛼 cell, the function’s minimum value may also be zero depending on whether the 
traffic light is red. Hence, the number of vehicles transitioning into cell 𝐼 at time 𝑡 is given by: 
     𝑦𝐼,𝑟(𝑡) = {
0                                                                                  𝑖𝑓 𝑟𝑒𝑑
𝑚𝑖𝑛 (∑ 𝑛𝑝∈𝑃(𝑡)𝑝∈𝑃 , 𝑞𝑐,𝑟
𝑚𝑎𝑥 ∗ ∆𝑡, 𝑀𝑐,𝑟 − 𝑛𝑐,𝑟(𝑡))       𝑖𝑓 𝑔𝑟𝑒𝑒𝑛
                   (5) 




Total transitional flow calculations are critical for defining change in the system flow as time 
increments. The number of vehicles in cell 𝑐 at time 𝑡 is merely the sum of the number of 
vehicles in cell 𝑐 at 𝑡 − ∆𝑡 and the change in number of vehicles, or ∆𝑐,𝑟(𝑡): 
                                                        𝑛𝑐,𝑟(𝑡 + ∆𝑡) = 𝑛𝑐,𝑟(𝑡) + ∆𝑐,𝑟(𝑡)                                           (6) 
Incoming flow from a previous cell is not the only way that vehicles can enter a cell. As 
Figure 12 illustrates density or flow, 𝑞, entering and leaving cell 𝑐. The change in number of 
vehicles in cell 𝑐 belonging to parent road 𝑟 at time 𝑡 , ∆𝑐,𝑟(𝑡), is the sum of the change in 
transitional flow in cell 𝑐 at time 𝑡: 




Figure 12. Each cell 𝑐 in the set of cells 𝐶 has 𝑓 cell(s) and 𝑝 cells(s). 
The total emissions are used as a primary indicator to evaluate policy performances. The 
change in the flow’s velocity is used as a proxy of measuring the emissions generated within the 
traffic system in the three policies of interest. Policies are evaluated for best performance across 
8 experimental scenarios of varying traffic densities, block sizes, and speed limits (Figure 8) to 
properly evaluate any potential differences observed in policy performances.  
For the macroscopic emissions model (Zegeye et al. 2013), flow acceleration at time 𝑡 is 
determined as the difference in the flow velocity 𝑣𝑐,𝑟 in cell 𝑐 over a time interval step ∆𝑡: 
                                 𝑎𝑐,𝑟(𝑡) =  
𝑣𝑐,𝑟(𝑡)−𝑣𝑐,𝑟(𝑡−∆𝑡)
∆𝑡









                                   (8) 
The number of vehicles subject to acceleration is explained in Equation 9. The number of 
vehicles traveling within the time step is subtracted from the vehicles that were present within 
the cell to determine the number of vehicles which remained in the cell and thus, are subject to 
the velocity values in the acceleration. 
𝜇𝑐,𝑟(𝑡) = 𝐿𝑐,𝑟𝑘𝑐,𝑟(𝑡) −  ∆𝑡 ∗ 𝑞𝑐,𝑟(𝑡)     units: 𝑣𝑒ℎ𝑖𝑐𝑙𝑒𝑠 = (𝑚𝑒𝑡𝑒𝑟𝑠 ∗
𝑣𝑒ℎ𝑖𝑐𝑙𝑒𝑠
𝑚𝑒𝑡𝑒𝑟𝑠
) − (𝑠𝑒𝑐𝑜𝑛𝑑𝑠 ∗
𝑣𝑒ℎ𝑖𝑐𝑙𝑒𝑠
𝑠𝑒𝑐𝑜𝑛𝑑𝑠
)  (9) 
Finally, the emissions generated at time 𝑡 at cell 𝑐 is calculated using model parameter matrix 𝐸𝐹 
for emission variable 𝑔 ∈ {𝐶𝑂, 𝑁𝑂𝑥, 𝐻𝐶} as given by Zegeye et al. (2013): 
                               𝐸𝑔,𝑐,𝑟(𝑡) = ∆𝑡 ∗ 𝜇𝑐,𝑟(𝑡) 𝑒𝑥𝑝(𝑣𝑐,𝑟(𝑡) ∗ 𝐸𝐹𝑔 ∗ 𝑎𝑐,𝑟(𝑡))                                  (10) 
A synthetic map is generated with 6 intersections, all containing traffic lights and 4 
intersection cells. Simply, for policy 3, it is assumed that the traffic lights are all green 
throughout the policy replications and scenarios. Scenarios are generated with initial conditions, 
each ranging in density level, block size, and road speed limits (Figure 8). The occurrence of 
these depend on the current scenario’s density level. Each scenario runs for 100 replications for 
the length of time for which it takes for all vehicles to enter the dummy cell. 
This study may be used in understanding emission effects of traffic light policies. It also 
which policies are best suited depending on real-time density. This study can be a guide in 
assigning traffic light policies in urban areas based on block size and speed limits. In addition, 
policies may be altered in urban areas based on the changes in system density observed by 
sensors. The densities can be evaluated in real-time and as a response, traffic policies may be 
adjusted to periodic sequenced, flow-based, or simply shut off.  
The debugging and adjustment of the code took an extensive amount of time due to 
adjustments of factors in order to best fit the experimental design within emission model limits. 
This is further discussed in Section 5.4, the discussion of results and the criticism of research. 
The regression analysis was completed and many of the visuals created from this analysis can be 
found in the appendix, specifically Section 7.2. Between March and June of 2020, additional 
visuals were created and the story of the analysis that answers the thesis question was drafted. 
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5. Discussion of Results 
This section discusses the results of the execution of the methods described in Section 4. 
The summary of the responses is reviewed in Sections 5.1 and 5.2. Section 5.1 evaluates the 
importance of the effects of the experimental factors (e.g., speed limit, block sizes, and number 
of vehicles) on the responses of interest (emissions and vehicle time in system). Section 5.1 also 
describes the relative strength of the experimental factors on the traffic light policies. In contrast, 
Section 5.2 evaluates how each of the policies perform based on the scenario at hand. Each 
scenario is assigned a unique combination of values of experimental factors, and all policies 
were simulated in all scenarios (Figure 8). This allows for the evaluation of the effect of each of 
the experimental factor levels on the responses of interest. In Section 5.3, the three policies are 
evaluated for experimental factor relationships and dependencies between the responses of 
interest. In Section 5.4, the models used in this study are criticized, and suggestions are made for 
future work to expand the scope of this study. 
For the emission responses, all correlation combinations among the three responses (CO, 
HC, and NOx) were determined to be very significant in all three policies, with the lowest 
correlation value among them being 0.97. Figure 13 in Section 5.1 contains correlation matrices 
for the three responses. The figures and results evaluated in Sections 5.1-5.4 focus on may use a 
single emission-type result, such as CO, to represent all other emission responses, such as HC 
and NOx. All individual emission-type response results for all policies can be found in the 
appendix. All output raw data and extensive regression analysis figures generated using RStudio 
can also be found in the appendix. 
5.1 Review of Factor Coefficients by Response Type and Policy 
Responses HC, CO, and NOx were significantly correlated in all policies. This can be 
expected due to the nature of the emissions model adapted in this study (Zegeye et al. 2013). 
Figure 13 shows the correlation matrix with the level of significance between the three responses 
in policies 1, 2, and 3, respectively. The tables in Figure 13 report the correlation among the 
responses for each of the tested policies. The figure is split up into the three policies, 1, 2, and 3. 
Table $r is the table of correlation coefficients, and the closer the coefficient is to 1, the higher 
the correlation. CO and NOx were found to have the highest correlation coefficient, a value of 1 
for all three policies. Table $p, the table of p-values corresponding to the significance levels of 
the correlations, shows that the correlations are all extremely significant since all response 
combinations have a p-value of 0. Table $sym represents the correlation matrix coefficients in 
symbols and numbers, with the index found directly below. Due to the extreme similarity in the 
results of the three responses, the results of CO, HC, and NOx are often aggregated and referred 
to as a combined emissions response in the discussion and analysis of this document. Results for 





Figure 13. Analysis of correlation of the results observed in the three emission types: CO, HC, 
and NOx for policies 1, 2, and 3. 
 
Smaller block sizes were found to increase emissions and vehicle travel time (Table 1, 
Figure 14, and Figure 15). Smaller block sizes are more commonly observed in urban areas with 
high traffic. The block sizes are a result of needing to provide frequent intersections due so 
vehicles and pedestrians can arrive to their destinations that are often densely packed in an urban 
environment. In an environment with only autonomous vehicles, smaller block sizes were found 
to increase travel time by as much as 7 minutes in policy 1, but hardly, and insignificantly, 
increased travel time in policy 2 and 3 (Table 1 and Figure 15). Simulations with smaller block 
sizes approximately doubled the response in emissions regardless of the policy in place at the 
intersections (Table 1 and Figure 14). The magnitude of the effect of block size on emissions, 
however, was found to be greatest in policy 3, lightless, 2, flow-based, and 1, conventional, 
respectively (Figure 14), whereas the reverse is true on the response on vehicle time in system 
(Figure 15). In other words, block size on emissions was most significant in the lightless policy, 
while block size on time in the system was the least significant in the lightless policy. The 
pattern observed on emissions could simply be due to the increased frequency of stops, increase 
in change of speed, and increase in emissions. Similarly, the more a vehicle breaks, the longer 
the travel time. With traffic, this effect can be worsened because if congestion has occurred. 
With a queue, a vehicle may need to halt more than once on the same block, say, once when they 
reach the queue and again when they are at the intersection but cannot enter it just yet. This is an 
effect commonly observed in today’s non-autonomous environment. Smaller block sizes were 
found to increase vehicle emissions regardless of the policy in place (Table 1). 
As can be observed in Figure 14, policy 3, in general, has eight times less emissions than 
policy 1, and four times less than policy 2. In general, the higher the speed limit, the higher the 
emissions, but not necessarily significantly. Yet, under policy 3 the emissions are more than 2 
times those in policy 2, and four times those in policy 1. The number of vehicles in the system is 
the experimental factor with the clearest difference in emissions between the low and high levels. 
The higher the congestion, the higher the emissions. However, under policy 3, if one can handle 
the increasing number of vehicles, the level of CO emissions is nearly twelve times lower than 
policy 1, and less than half of that in policy 2. The comparison between the three policies’ results 
for emissions is discussed in more detail in Section 5.2. 
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For the time in system response, there is no significant difference in the effects between 
the low and high levels for any of the factors in policies 2 and 3 (Figure 15). However, there are 
big differences when comparing the policies. Time in the system is 16 minutes longer in policy 1 
than in policy 2 and policy 3 at shorter block sizes, and 8 minutes longer than policy 2 and policy 
3 at larger block sizes. The eight-minute difference between the three policies persists when we 
considering speed limit and average number of vehicles in the system. This means that speed 
limit and vehicles in the system do not influence the avg time in the system for policies 2 and 3. 
The comparison between the three policies’ results for time in system is discussed in more detail 
in Section 5.2. 
 
 
Figure 14. Box plots of CO emissions response changes as levels of experimental factors went 
from low to high for policies 1, 2, and 3, respectively. 
 
 
Figure 15. Box plots of time in system response changes as levels of experimental factors went 
from low to high for policies 1, 2, and 3, respectively. 
 
Considering the emission responses in all eight scenarios, policy 3 is most impacted by 
block size, which is closely followed by number of vehicles (Table 1 and Figure 16). In this 
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discussion, the factor that influenced a response the most, is referred to as the top factor, and the 
factor with the second-largest impact on a response will be referred to as the second-largest 
factor. Interestingly, block size and number of vehicles are not followed by speed limit, but 
rather the interaction effect between block size and number of vehicles. Figure 16 plots the 
factors based on the magnitude of the effect on time in system. The further the factor is from the 
blue and red lines, the greater the magnitude of its effect on time in system. If a factor falls in the 
intersection of the blue and red line, the factor has little to no effect on time in system. Speed 
limit has little effect on the three emission types tested in a lightless environment (Figure 16). In 
contrast, policies 1 and 2 are most impacted by number of vehicles, followed by block size and 
speed limit, respectively. The significance of block size observed in policy 3 could be because 
when there are no traffic lights at the intersections, vehicles are likely stopping more due to the 
intersections alone, than they are because of congestion in the system. In systems with traffic 
lights, policy 1 and 2, vehicles likely have to stop more frequently because of a queque of 
vehicles approaching an intersection than because they are approaching the intersection, ready to 
go at the next green light. The acceleration caused by the multiple stops at a queue appears to be 
less likely in policy 3, considering that the number of vehicles is not as significant as block size 
in its effects on CO emissions or vehicle acceleration. Speed limit plays a larger role in the 
emission results of the traffic light policies, policies 1 and 2. The 2- and 3-way factors have less 
of an effect on the emissions responses in traffic light policies than they do in a light-less policy, 
policy 3 (Table 1). This could be because speed limit in a lightless policy, cars will rarely have to 
stop. If a vehicle approaches an intersection, it will only need to stop if there is another vehicle 
already in the intersection or if another vehicle is approaching an intersection that could cause a 
collision or if there is an existing queue to enter the intersection. In these cases, the speed limit 
impacts the acceleration, and thus, amount of emissions, as the vehicle comes returns to its 
original speed. It is also suspected that the effect of speed limit on emissions and travel time, 
regardless of the policy, could be better observed if the testing environment was larger with more 
roadblocks. This is particularly evident in the low significance of speed limit coefficient values 





Figure 16. Normal probability plot of saturated model effects for CO emissions in Policy 3. 
 
 Time in system was most impacted by number of vehicles in the system, regardless of the 
traffic light policy in place (Table 1 and Figure 17). For policy 1 and 3, the second-largest factor 
is block size. For policy 2, the second-largest factor is the 3-way factor, or the three-factor 
interaction between block size, speed limit, and number of vehicles. Similar to Figure 16, Figure 
17 plots the factors based on the magnitude of the effect on time in system. Number of vehicles 
is consistently the furthest from the intersection regardless of the policy, making it the top 
influencing factor. For policy 2, this is followed by the 3-way factor (Figure 17), which has a 
coefficient value of approximately half of the top factor (Table 1). It is interesting that the 3-way 
factor can have such high significance in the vehicles’ travel time. In a policy of smart traffic 
lights, which prioritize the system for maximum flow, the three response factors interact heavily. 
This could be because the optimal sequence chosen by the flow-based traffic lights takes all 
these factors into account, allowing for high 3-way interaction. The other policies, innately, do 
not operate in search for a maximum system flow that naturally considers the three factors in the 
3-way interaction. It is possible that the 3-way factor was not as important for the emission 
responses for policy 2 because travel time is more directly dependent on the flow-based 
optimizing traffic light sequence than the emission responses, which are dependent on factors 
that are likely to cause frequent stopping, such as number of vehicles and block size. Time in 
system, however, had a lot of factor coefficient values of lower significance across the board. 
Each value of low significance in shown in Figure in red font. Extensions to this study should 





Figure 17. Normal probability plot of saturated model effects for vehicles’ time in system for 
policies 1, 2, and 3. 
Policy 1 holds the largest factor coefficient within each of the response types when 
comparing all the policies, and within each response type, factor n, number of vehicles, has the 
largest coefficient value (Table 1). Each factor that has a coefficient value above or below zero 
plays a role in the output value for the response of interest. The larger the absolute value of the 
factor’s coefficient, the larger the factor’s effect on the response’s output. Table 1 presents the 
value of the coefficients of the factors, displayed on the vertical axis, for each response and 
policy, displayed on the horizontal axis. For each response and policy, the three largest absolute 
coefficient values are colored from highest to lowest: red, yellow, and green. The colored cells 
represent the three factors that most influence the given response in the given policy. Cells with 
red-colored font represent a factor coefficient value with low significance for the given response 
and policy. When comparing the three policies within each response type, policy 1 also 
consistently has the second-largest absolute coefficient, represented as factor b, block size, 
regardless of the response time. Based on the figures and colors, it is interpreted that number of 
vehicles and block size, respectively have the greatest influence on the emissions and time 
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response for policy 1 and 2. In contrast to policies 1 and 2, the emission responses in policy 3 are 
more influenced by block size than number of vehicles. 
When considering each emission response, the coefficient values that policy 1 holds for 
these factors are approximately double the values of that of policy 2 for that same factor (Table 
1). This is due to the unchanging sequences of the conventional traffic lights in higher density 
scenarios that cause frequent stopping and higher emissions in policy 1. Policies 2 and 3 have 
ways to accommodate higher congested areas in order to prevent vehicles having to stop. Policy 
3 has, overall, the lowest emission coefficients and is the best policy for limiting number of stops 
and emissions. For the time in system response, the effect of number of vehicles and block size 
in policy 1 far outweighs the factors’ impact in policies 2 and 3. For instance, the travel time 
response was over four times more impacted by number of vehicles in policy 1 than, each, policy 
2 and 3. Travel time was also twenty times more impacted by block sizes in traffic light policy 1 
than policy 2 and eighteen times more so than policy 3. Policy 1 was more likely to induce 
higher emissions and travel time simply due to the frequent stopping caused by conventional 
lights when they are not in the environment that they were optimized for, such as higher number 
of vehicles and small block sizes.  
 
Table 1. Factor coefficient values for CO, HC, NOx, and time in system per policy. Red, yellow, 
and green cells are the highest, second highest, and third-highest absolute values, respectively, 
for that row, or policy and response type. The cells with red font contain factor coefficient values 
with low significance, or a p-value above 0.05. Initials b, s, and n represent block size, speed 
limit, and number of vehicles, respectively. The 2- and 3-way interaction factors are represented 





Values of Factor Coefficient(s) 




-1.46E-01 9.99E-02 2.26E-01 4.76E-02 -2.95E-02 -5.39E-02 -1.12E-02 
2 -8.18E-02 7.15E-02 9.76E-02 3.60E-02 -2.94E-02 -3.97E-02 -1.01E-02 




-1.08E-02 4.04E-03 1.81E-02 2.06E-03 -1.12E-03 -3.94E-03 -4.75E-04 
2 -5.33E-03 3.16E-03 6.64E-03 1.58E-03 -1.26E-03 -2.73E-03 -4.03E-04 




-1.71E-02 1.35E-02 2.63E-02 6.02E-03 -3.83E-03 -6.10E-03 -1.36E-03 
2 -1.20E-02 1.06E-02 1.45E-02 5.26E-03 -4.26E-03 -5.13E-03 -1.35E-03 
3 -3.38E-03 1.52E-03 3.09E-03 6.57E-04 -8.92E-04 -1.70E-03 -3.30E-04 
1 Time in 
system 
(s) 
-1.80E+02 -8.75E-02 2.38E+02 9.14E+00 -3.51E+00 -1.65E+01 1.98E+01 
2 -1.92E+01 8.91E+00 5.24E+01 -4.51E+00 1.91E+00 8.38E-01 2.07E+01 





5.2 Review of Response Results by Scenarios and Policies 
Policy 3 performed best for all responses in all scenarios, followed by policy 2. For both 
the emission and time in system responses, the lowest values are desired. The average values for 
all response results can be observed in Table 2. Policy 1 was unable to perform better than any of 
the other policies, regardless of the scenario in place. Since the rank of the policies is consistent 
across all scenarios, the policies can be assessed by how much they differ in their results. Using 
the values in Table 2, the largest variation between the policies for the emission response outputs 
was observed under scenario 2, a scenario of larger block sizes, lower speed limits, and low 
number of vehicles. The policies’ response output differed the least in scenario 7, a scenario of 
high number of vehicles, high speed limits, and small block sizes. This is likely due to that in 
scenario 2, all policies can perform their best and the benefits of policy 3 are shown to be greater 
observed in this type of environment. The average CO emissions of policy 1 in scenario 2 is 
more than 40 times more that of policy 3. For scenario 7, all policies perform their worst, and the 
benefits of using policy 3 now are much less. In other words, scenario 7 levels the playing field 
more so between the policies due to its unfavorable factor values. The average CO emissions of 
scenario 7 in policy 1 is only 8 times more than that of policy 3. Although that is still quite a lot 
more, it is not nearly the emission savings that would be experienced switching from policy 1 to 
policy 3 in an environment like that of scenario 2. For the travel time response, it can be 
observed that there are significant time savings by using policy 3, especially in scenarios 5 and 7 
where the average time in system is half of that of policy 1. In other words, all vehicles had 
reached their destinations in half the time. 
Emissions are found to be lowest in scenario 2 and the highest in scenario 7, regardless of 
the policy in place (Table 2). These scenarios are complete opposite in factor values. The 
favorable scenario 2 has large block sizes, low vehicle count, and low speed limits. Scenario 7 
has the complete opposite factor combination. It is evident that smaller blocks cause vehicles to 
halt more frequently, resulting in higher emissions. This is because the best a traffic policy can 
do is prevent the amount of times that vehicles halt. Each time vehicles halt, the quantity that the 
vehicle emits is dependent on the speed limit. The higher the speed limit, the higher the change 
in acceleration. Therefore, the lower the speed limit in the scenario, the less the vehicles can emit 
for any given policy. However, speed limit is not as impactful compared to the other factors for 
any policy or scenarios. And, as observed, the higher the number of vehicles and traffic density, 
the higher the chance for queue build-ups and vehicles needing to stop. This greatly increases the 
emissions in the system because each vehicle that experiences obstruction in flow is contributing 
to increasing the overall system emissions and can now cause other vehicles to also experience 
obstruction in flow. 
A lightless policy works best for both vehicle travel time and mitigating vehicle 
emissions when compared to both conventional and flow-based traffic lights in an environment 
with 100% penetration of autonomous gasoline-dependent vehicles. Lightless policies in modern 
day can be observed more commonly in low-traffic, rural, or suburban environments and are 
extremely rare in urban or high-traffic areas, which are often densely populated with traffic 
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lights. With increasing interest and manufacturers working on autonomous vehicle production, 
knowing what traffic light policies are most effective can be helpful as the world population 
transitions to autonomous vehicles. Lightless, or exclusively vehicle-regulated intersections are 
likely most effective because unlike the flow-based traffic lights, lightless intersections are 
optimizing for flow at smaller increments – increments of one vehicle as they each enter the 
intersection. Autonomous vehicles may optimize flow at this increment seamlessly without 
colliding with pedestrians or other vehicles, and vehicles make collective decisions which are 
communicated to each other. Flow-based traffic lights are merely optimizing for overall system 
flows when the flow from one direction increases to the point at which it is greater than that of 
the direction with the green light, and the length of that increment may change. Flow-based 
traffic lights, however, did perform better than conventional traffic lights for each of all 
responses interest, as observed in Table 2. Table 2 colors the response values as follows: red for 
the response’s highest value, green for lowest value, and yellow for the value in between. The 
pattern observed is that policy 3 consistently has the lowest values and policy 1 consistently has 
the highest values. A conventional traffic light operates on a fixed sequence and is unlikely to be 
optimal for spontaneous and impulsive movement such as traffic. This is likely why the 
conventional traffic light policy had the lowest summarized performance for all responses in all 
eight scenarios tested. Unlike the flow-based traffic lights, a conventional traffic light does not 
evaluate the intersection scenario at hand. Although the lightless policy also does not evaluate 
for the current environment, it allows the vehicles to do so, rather than having the vehicles 
observe traffic light directions. 
 
Table 2. Average results for each of the responses per scenario per policy with standard 
deviation values. Cells with green, yellow, and red background are the lowest, middle, and 





























































1 -1 -1 -1 
2.96E-01 6.93E-02 2.97E-02 6.34E-03 3.58E-02 7.66E-03 2.18E+03 4.46E+02 
2 6.97E-02 1.01E-02 6.21E-03 7.92E-04 1.20E-02 1.68E-03 1.33E+03 2.76E+02 
3 2.00E-02 3.86E-03 1.48E-03 2.77E-04 2.72E-03 5.83E-04 1.24E+03 1.99E+02 
1 
2 1 -1 -1 
1.48E-01 3.49E-02 1.72E-02 3.30E-03 1.88E-02 3.91E-03 1.90E+03 3.69E+02 
2 2.40E-02 4.03E-03 2.72E-03 3.21E-04 4.12E-03 7.76E-04 1.33E+03 2.99E+02 
3 3.53E-03 1.31E-03 2.58E-04 9.42E-05 4.86E-04 1.99E-04 1.21E+03 2.52E+02 
1 
3 -1 1 -1 
4.37E-01 9.41E-02 3.49E-02 7.10E-03 5.57E-02 1.08E-02 2.21E+03 4.24E+02 
2 1.79E-01 2.85E-02 1.11E-02 1.64E-03 2.85E-02 4.35E-03 1.39E+03 3.08E+02 
3 4.04E-02 8.37E-03 2.37E-03 4.65E-04 5.58E-03 1.20E-03 1.24E+03 2.55E+02 
1 
4 1 1 -1 
2.16E-01 5.48E-02 1.99E-02 4.25E-03 2.87E-02 6.52E-03 1.83E+03 4.01E+02 
2 5.64E-02 1.28E-02 4.18E-03 7.04E-04 8.92E-03 2.03E-03 1.32E+03 2.56E+02 
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3 7.77E-03 3.58E-03 4.44E-04 1.83E-04 1.09E-03 5.27E-04 1.23E+03 2.24E+02 
1 
5 -1 -1 1 
7.38E-01 1.18E-01 6.87E-02 1.05E-02 8.59E-02 1.29E-02 2.71E+03 3.74E+02 
2 2.52E-01 3.95E-02 2.10E-02 3.20E-03 3.81E-02 5.26E-03 1.48E+03 3.50E+02 
3 8.66E-02 1.68E-02 6.67E-03 1.32E-03 1.03E-02 1.84E-03 1.35E+03 2.62E+02 
1 
6 1 -1 1 
4.19E-01 9.20E-02 4.24E-02 8.34E-03 4.99E-02 1.01E-02 2.28E+03 4.76E+02 
2 8.81E-02 1.51E-02 8.19E-03 1.24E-03 1.50E-02 2.49E-03 1.40E+03 2.73E+02 
3 2.09E-02 4.28E-03 1.58E-03 3.23E-04 2.61E-03 5.47E-04 1.35E+03 2.80E+02 
1 
7 -1 1 1 
1.11E+00 1.44E-01 8.41E-02 1.05E-02 1.35E-01 1.68E-02 2.69E+03 3.92E+02 
2 5.46E-01 7.64E-02 3.38E-02 4.72E-03 8.10E-02 1.05E-02 1.45E+03 2.66E+02 
3 1.38E-01 2.37E-02 8.70E-03 1.55E-03 1.71E-02 2.84E-03 1.34E+03 3.11E+02 
1 
8 1 1 1 
6.33E-01 1.32E-01 5.14E-02 1.00E-02 7.85E-02 1.51E-02 2.33E+03 4.49E+02 
2 2.24E-01 4.22E-02 1.43E-02 2.51E-03 3.55E-02 6.50E-03 1.45E+03 3.21E+02 
3 3.47E-02 8.12E-03 2.12E-03 4.83E-04 4.52E-03 1.11E-03 1.31E+03 2.64E+02 
 
Scenarios 5, 7, and 8 resulted in large CO and HC emissions (Figure 19, graphs a-c). 
Scenario 7 displayed the highest emissions out of all emission responses, followed by scenarios 5 
and 8. This may be interpreted largely as a result of many vehicles in the system, which is the 
case in all three of the high scenarios. Policy 1 resulted in the highest emissions in all scenarios. 
Scenario 7 consists of many vehicles, high speed limits, and smaller blocks. This can be 
expected, because even individually, those levels for each of the factors can be expected to 
increase congestion. Scenario 5 consists of many vehicles, low speed limits, and smaller block 
sizes. Scenario 2 observed the lowest emissions for all emission responses, followed by scenario 
4. Scenario 2 has few vehicles, low speed limits, and large block sizes. Scenario 4 has few 
vehicles, high speed limits, and large block sizes. Thus, number of vehicles and block sizes have 
a large effect on the outcome of the emission responses. 
In implementation of policy 1, it took vehicles significantly longer to leave the system 
within the same scenario than the other policies (Figure 19, graph d).  Policy 3 had the fastest 
average in every scenario, and policy 3 was closely followed by policy 2. In other words, policy 
3 has offered the greatest traffic flow throughput. This same observation can also be observed in 
Figure 18, which also includes how the time in system is affected when the factor levels go from 
low to high. In Figure 19, it can also be observed that the first four scenarios offered the shortest 
time in system for the vehicles, with all scenarios delivering average times below 2200 seconds. 
This is likely because in scenarios 1-4, the number of vehicles in the system is 250, whereas in 
scenarios 5-8, the number of vehicles in the system is 400. Average time in system, or simulation 




Figure 18. Main effects plot for average CO and time in system, sorted horizontally, and policies 
1, 2, and 3, sorted vertically. 
 
 
Figure 19. Graphs (a), (b), and (c) illustrate the average CO, HC, and NOx emissions, 
respectively, of policies 1, 2, and 3 for all scenarios. Graph (d) illustrates the average time it 
32 
 
took for all vehicles to pass through the system for all scenarios and policies 1, 2 and 3. The 
error bars represent the standard deviation observed between the replications. 
 To confirm the best policy among all scenarios tested, policy 3 is the lowest emitting for 
all emissions in all scenario combinations (Table 3). Policy 3 also has the lowest simulation run 
times in all scenarios (Table 3). Regardless of the number of vehicles in the system, road speed 
limits, or distance between intersections, lightless intersections, on average, provides the most 
desired outcome when compared with conventional or flow-based traffic lights. 
 
Table 3. Displays the policy that achieved the lowest average emission values for CO, HC, and 




5.3 Factor Relationships and Response Dependencies 
Although block size, speed limit, and number of vehicles have each shown to 
individually have significant effects on both vehicles’ emissions and vehicles’ time in system, 
they also observe dependencies on each other in those effects. Figure 20 illustrates the 
relationship between each one of these factors (number of vehicles, speed limit, and block size) 
vertically. It also illustrates the dependencies for each of the response variables (CO, HC, NOx, 
and simulation run time) horizontally. For example, graph 1.1 in Figure 20 demonstrates that as 
number of vehicles increases from low to high, its CO output is highest in circumstances of high 
speed limits. So, although speed limit was observed to have a lower impact on emissions than the 
other factors (Table 1), it does impact the effect of number of vehicles on emissions quite 
significantly. Therefore, the effect of speed limit on emissions may not be direct, but can still be 
observed indirectly through the effect of number of vehicles. The lowest CO output in graph 1.1 
was in circumstances of large block sizes, which showcases how block size can impact the effect 
of number of vehicles on emissions.  
 The magnitude of speed limit’s effect on CO, HC, and NOx emissions is heavily 
dependent on the number of vehicles in the system (Figure 20, graphs 2.1, 2.2, and 2.3), and 
speed limit has no significant effect on simulation run time (Figure 20, graph 2.4). The impact on 
CO, HC, and NOx emissions from speed limits is much greater when there are many vehicles in 
the system, regardless of the low and high values of the speed limits. This, again, shows that 
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speed limit independently has little effect. NOx emissions caused by high speed limit values 
(Figure 20, graph 2.3) are hardly impacted by block size. It can be evaluated that the effects of 
speed limits on all emission types is heavily dependent on the number of vehicles in the system. 
The simulation run time was hardly affected by speed limits (Figure 17). Graph 2.4 in Figure 20 
shows the effects from speed limit increasing from low to high did not increase the simulation 
run time. 
 CO, HC, and NOx emission outputs caused by block size are dependent on the other 
factors, with the greatest output being in circumstances of high number of vehicles (Figure 20, 
graphs 3.1 and 3.2). In all circumstances, the CO and HC emissions dropped as the block size 
dropped. The more vehicles in the system, the greater the effects on emissions caused by small 
block sizes. NOx emissions caused by small block sizes are also slightly dependent on speed 
limit (Figure 20, graph 3.3). More importantly, NOx emissions caused by small block sizes is 
heavily dependent on the number of vehicles. The drop in NOx emissions after decreasing block 
size in circumstances of few vehicles had a very strong effect (Figure 20, graph 3.3). Block size 







Figure 20. Interaction plot between three experimental factors from top to bottom: number of 
vehicles (1.x), speed limit (2.x), and block size (3.x). The factors’ correlation on response type is 
illustrated from left to right: CO (x.1), HC (x.2), NOx (x.3), and simulation run time (x.4). 
5.4 Criticisms of Research 
 As mentioned in the methodology, the emission model used in this study (Zegeye et al. 
2013) highly limited the level of factors that could be implemented. The model introduced by 
Zegeye was used to relate vehicle accelerations with emission, but through the experimentation 
of this study, it is found that Equation 10 from Zegeye’s model does not tolerate speed limits 
higher than 13m/s. Thus, this study did not test policies in scenarios of speed limits higher than 
13 m/s, or 29 miles per hour, due to an acceleration limit that would be exceeded at speeds 
higher than those mentioned. In order to accommodate the model acceleration limits, the results 
of this study only observe the traffic light policy performances within a very limited scope of 
speeds. It is possible that policies 1 and/or 2 could perform better than policy 3 in circumstances 
of higher speed limits, such as 14 m/s and higher. The model limitations also forced the 
experimental design of the factor levels to have higher number of vehicles and smaller block 
sizes so that congestion could be observed in a system with lower speed limits, and thus, 
policies’ performances could be properly assessed against each other. A larger time increment 
value, ∆𝑡, of 10 seconds had to also be applied in order to remain within the emission model’s 
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acceleration limit (Equation 8). Within a 10 second time increment, it is possible that changes in 
velocity were not captured because the increase and decrease in speed concluded entirely within 
that increment. It is important to minimize the time increment for improved accuracy in 
acceleration and emission results. In addition to the research scope flaws caused by the 
acceleration limit of the emissions model used, this emissions model incorporates a natural 
exponential function that results in output values that slightly stray from the normal distribution. 
This was shown to be largely due to the natural exponential function by performing a 
transformation on the results data. These factors are all examples of how this study can be 
expanded in future work if a different macroscopic emissions model is used that has higher limits 
for accelerations in the cells.  
 In this study, the time in system response was indirectly assessed by recording the time it 
took for all vehicles to exit the system in each replication. The results from an indirect 
assessment could be influenced by a single vehicle in a replication taking much longer to leave 
the system than other vehicles that progressed much quicker within that replication. The response 
used in this study does not provide a time response on a vehicle-to-vehicle basis, but rather as a 
whole system. In future research, a more direct way to evaluate vehicle travel time could be to 
assign each vehicle an origin and a destination when it enters the system and record the time 
each vehicle takes to reach its destination, and the output should be weighted and/or normalized 
by the distance between the vehicles’ origin and destination. 
 Future work may also require a larger and more complex system. This study only 
incorporates 6 intersections and does not capture the effects of congestion on emissions that 
would be present in a larger system. Although the traffic lights have different patterns, all 6 
intersections in this system operate in similarly, they are 4-way intersections that allow equal 
amount of flow into the intersection. A more complex system may include 3-way or 5-way 
intersections with different number of lanes per road, so that some roads allow more vehicles to 
flow into the intersection at once than others. These aspects may be included to better represent a 
diverse system. It would also be of interest to adapt different kinds of operating intersections. In 
addition, lanes were not used, and this could have a large effect on vehicles’ accelerations in real 
application. Pedestrians and pedestrian traffic lights were not included. Although pedestrian 
traffic lights would not produce emissions from the pedestrians, it could impact the emissions 
caused by vehicles in the system and their trip time.  
 
6. Conclusion 
It is determined that there is statistical difference in the emissions generated by the vehicles 
in a given urban area when implementing the three different traffic light policies under scenarios 
that control three factors: number of vehicles in the system, distance between intersections, and 
road speed limits. The results of this study concluded that regardless of the value of these three 
factors, a lightless policy releases the least CO, HC, and NOx emissions. The lightless policy also 
had the lowest average travel time across the system. This traffic policy was closely followed by 
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a flow-based traffic light policy. The conventional traffic light policy induced the most CO, HC, 
and NOx emissions regardless of the factor levels. In addition, policy 1 resulted in the greatest 
flow obstruction, resulting in longer trip times.  
Significant experimental factor dependencies were found between all factors when 
calculating CO, HC, and NOx emissions. It was noted that simulation run time and vehicle 
emissions were most heavily impacted by the number of vehicles in the system. Smaller block 
sizes, higher speed limits, and larger number of vehicles intensify the increase in all emission 
types for each of the other factors. For future research, it is recommended to expand the levels of 
the factors, including speed limits, number of vehicles, and block sizes. It is also recommended 
to include a larger system map with more complexities such as different intersections and 
pedestrians. It is also highly recommended to implement a macroscopic traffic model without a 













7.1 Results Data for Responses 
 
 
Figure 21. Averages of all responses and the standard deviation of the values for each scenario. 
The scenario factor combination can be observed on the left. The data charts read from top to 
bottom: policy 1, 2, and 3. The emission responses are highlighted in yellow. The simulation run 
time response is highlighted in blue. Next to each of the averages given, the standard deviation 
of these values across the 100 replications is given. The scenario information on the left 
indicates which values were low and which were high at each scenario. A “0” indicates the low-
level value for that factor, and “1” indicates the high-level value. These are the same scenario 
factor level combinations which are referred to in the analysis of the patterns observed. In the 










emissions (Sum of 
all cells, average of 
all replications)
Std Dev of total 
CO emissions
Average HC 
emissions (Sum of all 
cells, average of all 
replications)
Std Dev of total 
HC emissions
Average NOx 
emissions (Sum of all 
cells, average of all 
replications)
Std Dev of total 
NOx emissions
Average Time (s) at 
which all vehicles 
went into dummy
Stdev of Time (s) 
at which all 
vehicles went into 
dummy
1 0 0 0 0.295997156 0.06925023 0.029683624 0.00633554 0.035835902 0.007661655 2178 446.3680594
2 1 0 0 0.148063313 0.034906538 0.0172012205 0.0032982686 0.018785388 0.003906137 1896.9 369.257226
3 0 1 0 0.437380507 0.094097491 0.0349414816 0.0071017027 0.055658469 0.010755018 2206.1 424.0137576
4 1 1 0 0.215949774 0.05480669 0.0198663482 0.0042468061 0.028739889 0.006524112 1831.9 401.3655856
5 0 0 1 0.737933567 0.117593626 0.0687344299 0.0104778294 0.08588221 0.01291785 2708 374.1792365
6 1 0 1 0.419041551 0.091960684 0.0424032241 0.0083440485 0.049887903 0.010065462 2281.9 475.6424576
7 0 1 1 1.114271381 0.144444034 0.0841386480 0.0105106697 0.135215764 0.016822198 2693.6 392.3910645









emissions (Sum of 
all cells, average of 
all replications)
Std Dev of total 
CO emissions
Average HC 
emissions (Sum of all 
cells, average of all 
replications)
Std Dev of total 
HC emissions
Average NOx 
emissions (Sum of all 
cells, average of all 
replications)
Std Dev of total 
NOx emissions
Average Time (s) at 
which all vehicles 
went into dummy
Stdev of Time (s) 
at which all 
vehicles went into 
dummy
1 0 0 0 0.069745254 0.010057039 0.00620861 0.00079185 0.012044734 0.00167656 1328.5 276.1948331
2 1 0 0 0.023983328 0.004028239 0.00271892 0.00032079 0.004116961 0.000776058 1326 298.7820394
3 0 1 0 0.179220504 0.028494383 0.01109629 0.00163952 0.028499139 0.004353929 1392.9 308.0184141
4 1 1 0 0.056412945 0.012808765 0.00417810 0.00070441 0.008917164 0.00202862 1315.3 256.2332232
5 0 0 1 0.252249075 0.039457314 0.02097893 0.00320473 0.038071965 0.005261188 1482.1 349.9676608
6 1 0 1 0.088112969 0.015112825 0.00818947 0.00124109 0.015005544 0.002486042 1400.2 272.7820753
7 0 1 1 0.546032389 0.076435907 0.03378315 0.00472148 0.0809677 0.010464849 1445.7 266.3075423









emissions (Sum of 
all cells, average of 
all replications)
Std Dev of total 
CO emissions
Average HC 
emissions (Sum of all 
cells, average of all 
replications)
Std Dev of total 
HC emissions
Average NOx 
emissions (Sum of all 
cells, average of all 
replications)
Std Dev of total 
NOx emissions
Average Time (s) at 
which all vehicles 
went into dummy
Stdev of Time (s) 
at which all 
vehicles went into 
dummy
1 0 0 0 0.020027069 0.003856495 0.00148009 0.00027724 0.002723923 0.000582992 1243.7 199.2747203
2 1 0 0 0.003532014 0.001307563 0.00025793 0.00009420 0.000485985 0.000199275 1209.4 252.38987
3 0 1 0 0.040433986 0.008371297 0.00236500 0.00046482 0.005576546 0.00119525 1241.7 255.0700241
4 1 1 0 0.0077658 0.00358133 0.00044437 0.00018328 0.001087995 0.000527093 1227.4 223.803756
5 0 0 1 0.086643915 0.016756494 0.00666508 0.00132119 0.010338024 0.001838867 1352.7 261.6337752
6 1 0 1 0.020857344 0.004284169 0.00157745 0.00032327 0.002607461 0.000547325 1345.4 279.6116354
7 0 1 1 0.13760635 0.023713835 0.00869899 0.00154896 0.017135714 0.002840635 1336.3 310.7165229






Table 4. Evaluation of the significance of the factor levels in this experiment. The tables show 







Table 5. Raw output data of all responses with 100 replications of scenarios 1 and 2. The three 
policies are compared next to each other within each merged response column. 
 
1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3
0.224638 0.090351 0.021751 0.022938 0.007724 0.001665 0.027863 0.014673 0.002678 1630 1180 1780 0.127178 0.019341 0.002187 0.015048 0.002205 0.000157 0.016733 0.003308 0.0003 1890 840 1320
0.410069 0.075794 0.021193 0.040596 0.006709 0.00156 0.048036 0.012738 0.002869 2000 1240 1730 0.122356 0.027852 0.001512 0.01512 0.003028 0.000115 0.015876 0.004885 0.00019 1890 1170 1430
0.281428 0.071415 0.022663 0.028535 0.006655 0.0017 0.034446 0.011956 0.002995 2130 1670 1280 0.117764 0.02037 0.003884 0.014094 0.002474 0.000265 0.015169 0.003296 0.000663 2830 1480 1620
0.311038 0.072523 0.016413 0.031076 0.006411 0.001228 0.037143 0.012939 0.002196 2270 1190 1130 0.135959 0.021129 0.003419 0.015928 0.00252 0.000281 0.017346 0.003606 0.000362 1650 1220 880
0.362828 0.068962 0.01971 0.035646 0.006127 0.001489 0.043507 0.012004 0.002575 2350 1100 1210 0.187143 0.020061 0.004133 0.020336 0.002472 0.000309 0.023012 0.003383 0.000507 1540 1450 1340
0.228177 0.059341 0.023337 0.023314 0.005373 0.001677 0.027615 0.010412 0.003338 1650 1230 1200 0.134645 0.022299 0.005404 0.015983 0.002587 0.000415 0.016995 0.003875 0.00067 1770 1650 1000
0.247793 0.071939 0.018908 0.025012 0.006305 0.001396 0.030854 0.012491 0.00255 2110 1570 1160 0.143144 0.019238 0.004053 0.016743 0.002301 0.000306 0.018814 0.003262 0.000498 2460 1520 1180
0.23399 0.060245 0.018509 0.02401 0.005417 0.001398 0.028156 0.010629 0.002438 1720 1350 1280 0.180668 0.017991 0.002811 0.020284 0.002148 0.000215 0.022184 0.002965 0.000328 2250 1140 1180
0.25918 0.072345 0.019165 0.026755 0.006321 0.001413 0.03217 0.012662 0.00252 2150 1370 1180 0.193629 0.023509 0.003725 0.021917 0.002637 0.000273 0.024422 0.004008 0.000493 2350 1100 1450
0.248451 0.075192 0.025619 0.025159 0.006705 0.001836 0.03055 0.012708 0.003668 2290 1070 1580 0.117967 0.017271 0.006173 0.014289 0.002295 0.000411 0.0151 0.002721 0.000994 1630 970 1030
0.33483 0.070793 0.016204 0.033661 0.006446 0.001232 0.040073 0.012452 0.002059 2420 1610 1120 0.151894 0.029129 0.001176 0.017625 0.003056 8.70E-05 0.018918 0.005197 0.000183 2470 940 2380
0.373073 0.068325 0.020797 0.036153 0.006023 0.001547 0.044346 0.012232 0.002711 2950 1510 1090 0.144645 0.022579 0.004898 0.016723 0.002614 0.000349 0.018391 0.003948 0.00077 1900 1740 950
0.333897 0.069668 0.028723 0.032766 0.006134 0.002132 0.040355 0.012307 0.003993 2310 1320 1080 0.130246 0.023663 0.002025 0.015679 0.002815 0.000133 0.016834 0.003992 0.00035 1520 1180 910
0.268209 0.071277 0.015939 0.027635 0.006247 0.001188 0.032983 0.012679 0.002203 2120 1220 950 0.211582 0.021118 0.002471 0.023152 0.002462 0.00018 0.025647 0.003626 0.000359 1980 1440 1580
0.168044 0.072543 0.015164 0.017625 0.006565 0.001117 0.02134 0.011967 0.002055 1390 1350 1150 0.18515 0.028514 0.002927 0.020816 0.003019 0.000211 0.023026 0.005096 0.000408 2400 1070 1110
0.256138 0.070742 0.020826 0.026102 0.006268 0.001507 0.031758 0.011989 0.002946 2200 1080 1270 0.197545 0.03253 0.001273 0.022161 0.003166 9.88E-05 0.024673 0.005835 0.000136 1870 920 880
0.329299 0.064734 0.020636 0.032782 0.005859 0.001558 0.039388 0.01123 0.002722 2500 1200 1340 0.209052 0.025169 0.005718 0.022771 0.002804 0.000428 0.025186 0.004375 0.000762 1420 1240 1500
0.206123 0.066351 0.015007 0.021406 0.006017 0.001147 0.025381 0.011423 0.001902 2480 1290 1500 0.184432 0.030236 0.002287 0.020812 0.003157 0.000183 0.023436 0.005452 0.000243 2590 1040 1290
0.299829 0.049389 0.014756 0.030362 0.004594 0.001056 0.036846 0.008353 0.00209 2830 1540 1310 0.197807 0.018941 0.004095 0.021721 0.002406 0.000276 0.024378 0.003048 0.000638 1750 1640 1070
0.268651 0.066724 0.013805 0.027419 0.006049 0.001012 0.032223 0.011464 0.001882 1980 1160 920 0.125141 0.018817 0.002437 0.015359 0.00236 0.000184 0.016311 0.003016 0.000345 2350 1110 1300
0.295198 0.061452 0.019478 0.029519 0.005365 0.001451 0.035618 0.010986 0.002581 2130 1610 1140 0.188446 0.018737 0.002592 0.021009 0.002282 0.000182 0.023236 0.003184 0.000401 2230 930 1070
0.26953 0.056207 0.021917 0.027338 0.005313 0.001649 0.032847 0.00972 0.002774 2350 1130 1200 0.110794 0.028751 0.005218 0.013361 0.003043 0.000383 0.014247 0.004936 0.000681 1630 1530 1650
0.333819 0.064054 0.016287 0.033353 0.005847 0.001227 0.039332 0.01078 0.002192 2220 1400 1190 0.14604 0.023573 0.00222 0.016936 0.002596 0.000161 0.018765 0.004084 0.000332 1730 1250 1680
0.402595 0.071022 0.017737 0.039661 0.006534 0.001294 0.047031 0.011299 0.002463 2230 1300 1140 0.211346 0.019022 0.003734 0.023344 0.002249 0.000265 0.026259 0.003269 0.000561 2270 960 1600
0.240053 0.090264 0.016339 0.024728 0.007861 0.001206 0.029171 0.014996 0.002341 1770 1710 1480 0.140095 0.016616 0.006824 0.016441 0.002137 0.000495 0.017758 0.002765 0.000985 1640 1750 1230
0.277941 0.061426 0.017008 0.028335 0.005388 0.001293 0.03397 0.010571 0.002097 1750 1560 1150 0.106842 0.029177 0.002423 0.013551 0.003079 0.000185 0.01451 0.004837 0.000315 1770 1080 1160
0.235868 0.064837 0.019871 0.024819 0.005792 0.001439 0.029458 0.011081 0.0029 2000 1080 1220 0.158466 0.018501 0.002385 0.018072 0.002215 0.000173 0.019727 0.003169 0.000321 1560 1000 1160
0.235905 0.068732 0.020046 0.0242 0.006053 0.001493 0.030198 0.012049 0.002613 1790 1280 980 0.143745 0.024496 0.00361 0.017314 0.002721 0.000273 0.018415 0.004218 0.00048 2630 1920 1380
0.482419 0.060536 0.024213 0.046345 0.005672 0.001749 0.056864 0.010355 0.003468 2690 1210 1040 0.131212 0.023124 0.005536 0.015501 0.00265 0.000402 0.016625 0.003989 0.000753 1450 1410 970
0.413687 0.059512 0.022326 0.040415 0.005544 0.001563 0.049549 0.010354 0.003479 2130 1140 1390 0.122247 0.026477 0.001938 0.01492 0.002738 0.000156 0.015905 0.00475 0.000206 1520 810 1430
0.306248 0.050251 0.028524 0.030218 0.00461 0.002013 0.036299 0.008997 0.004379 2350 1440 1150 0.13946 0.028507 0.003763 0.01654 0.003075 0.000284 0.017689 0.005033 0.000496 1990 1180 990
0.330873 0.070989 0.018854 0.03315 0.006318 0.001393 0.039593 0.012389 0.002553 2600 1120 1260 0.228972 0.023614 0.004153 0.024529 0.002689 0.00031 0.02787 0.004023 0.000566 2050 1310 1250
0.229599 0.062345 0.015643 0.023374 0.005742 0.001184 0.028543 0.010467 0.002046 1410 1430 1500 0.194129 0.023081 0.004112 0.021647 0.002713 0.000311 0.023911 0.004027 0.000533 1670 1480 900
0.224352 0.079989 0.021097 0.02274 0.006951 0.001561 0.028205 0.013713 0.002773 1870 1150 1130 0.101461 0.01884 0.003542 0.012469 0.002302 0.000255 0.013648 0.003198 0.000502 1690 1070 1180
0.295099 0.077713 0.016096 0.029463 0.006713 0.001159 0.03606 0.013775 0.002195 1760 1350 1150 0.127606 0.024502 0.003177 0.015148 0.002703 0.000207 0.016629 0.004343 0.000569 1890 1640 1070
0.24654 0.064037 0.025332 0.02553 0.005948 0.001846 0.030172 0.010942 0.003445 2110 1400 1310 0.094561 0.026098 0.006042 0.012195 0.002995 0.000424 0.01291 0.004498 0.000903 1900 1240 1360
0.300733 0.063241 0.017727 0.030005 0.005606 0.001344 0.03555 0.011175 0.002306 1510 1010 910 0.11466 0.02476 0.003636 0.014358 0.002889 0.000257 0.015491 0.004215 0.000541 2760 1490 1050
0.379166 0.073591 0.022331 0.037295 0.006337 0.001682 0.044279 0.012958 0.002893 2370 1090 1520 0.136215 0.02192 0.004176 0.015913 0.00245 0.000297 0.017506 0.003806 0.000579 1630 1350 1000
0.36387 0.074146 0.014892 0.035389 0.00642 0.001101 0.042997 0.012821 0.001903 2010 980 1240 0.16948 0.021845 0.002273 0.018615 0.002535 0.000163 0.020912 0.003774 0.000338 1810 1520 1260
0.164064 0.069952 0.024194 0.017292 0.005919 0.001805 0.021448 0.011759 0.003226 1640 1020 1420 0.094628 0.026279 0.003332 0.012034 0.002789 0.000258 0.012753 0.004719 0.000383 2010 1260 1360
0.26311 0.076783 0.024423 0.02663 0.00705 0.001828 0.03269 0.013183 0.003373 1970 1830 1200 0.092861 0.023046 0.003315 0.011855 0.002622 0.000219 0.012694 0.004023 0.000555 1870 1260 1260
0.257153 0.076352 0.024658 0.026384 0.006785 0.001779 0.032102 0.013359 0.003526 2470 1350 1060 0.142409 0.034657 0.004377 0.01687 0.003622 0.000328 0.017959 0.006128 0.00059 1630 1090 1280
0.302847 0.080889 0.017271 0.030194 0.007085 0.001316 0.037011 0.014352 0.002342 1780 1890 1350 0.184545 0.024863 0.003559 0.020573 0.002761 0.000264 0.02284 0.004386 0.000446 1480 1350 830
0.366174 0.051391 0.027409 0.036068 0.004907 0.002023 0.043171 0.008796 0.003789 1970 1360 1140 0.076847 0.024108 0.00278 0.01039 0.002802 0.000207 0.010483 0.003998 0.000363 1360 1300 1080
0.323495 0.052148 0.016116 0.031724 0.004778 0.001181 0.039159 0.00899 0.00229 2130 1270 1120 0.123979 0.025045 0.0013 0.015217 0.002838 9.98E-05 0.016071 0.00416 0.000139 2000 1610 1630
0.310496 0.079536 0.024224 0.030568 0.007117 0.001806 0.03637 0.013573 0.003285 2520 2030 1240 0.21856 0.026892 0.005595 0.023727 0.002979 0.000407 0.026468 0.004712 0.000787 2130 1690 1220
0.258378 0.08158 0.018898 0.026171 0.00749 0.001432 0.032293 0.01362 0.002536 1540 1170 1000 0.172715 0.027062 0.002797 0.019202 0.002807 0.000194 0.021708 0.004734 0.000432 2030 1760 1300
0.329187 0.071942 0.026427 0.032886 0.006257 0.001821 0.039502 0.012287 0.004271 2590 1230 1100 0.148025 0.023077 0.004304 0.017061 0.002726 0.000324 0.018498 0.003902 0.000525 2210 1370 1460
0.25702 0.076046 0.018039 0.026027 0.006662 0.001296 0.03157 0.012927 0.002573 2110 1170 1160 0.120911 0.023264 0.003682 0.01433 0.002683 0.000263 0.015439 0.004011 0.000546 1170 1060 1210
0.256742 0.063794 0.019662 0.025946 0.005665 0.001396 0.032331 0.011362 0.002937 1870 1250 1330 0.150148 0.018735 0.003085 0.017395 0.002346 0.000245 0.018701 0.003097 0.000328 1550 1140 990
0.353316 0.060492 0.01577 0.034704 0.005311 0.001192 0.041753 0.011203 0.001957 1960 1180 1080 0.198912 0.022583 0.005017 0.021664 0.002725 0.000356 0.023853 0.003736 0.000755 2290 1460 1030
0.218401 0.065166 0.019503 0.022346 0.005917 0.001459 0.026693 0.011091 0.002611 1880 1080 990 0.182705 0.021651 0.005784 0.020573 0.002595 0.000432 0.022458 0.003656 0.00074 2200 1010 1080
0.199772 0.054918 0.016976 0.020779 0.004997 0.001211 0.025298 0.009379 0.002497 2610 1400 1170 0.125588 0.024935 0.003537 0.01528 0.002758 0.000248 0.016152 0.004439 0.00054 1330 870 1490
0.247354 0.082533 0.01774 0.02495 0.007225 0.001333 0.029887 0.014317 0.002413 2020 1630 1780 0.117417 0.027801 0.003341 0.014648 0.002993 0.000249 0.015507 0.005001 0.000451 2030 1430 1240
0.28291 0.068109 0.028618 0.028308 0.006173 0.002148 0.034273 0.011766 0.003744 2280 1310 1530 0.118448 0.027391 0.004577 0.014519 0.003129 0.000338 0.015302 0.004595 0.000584 2110 1600 970
0.367864 0.085837 0.013581 0.036461 0.007329 0.001021 0.043509 0.015045 0.001809 3180 2030 1060 0.171284 0.024537 0.002587 0.019456 0.002843 0.000175 0.021665 0.004148 0.000438 1510 1500 1420
0.231666 0.0676 0.021707 0.024238 0.006158 0.001581 0.028414 0.011323 0.003115 1630 1250 1300 0.168105 0.023847 0.005128 0.019163 0.002711 0.000413 0.020944 0.004139 0.000573 2200 1390 840
0.363125 0.079019 0.024003 0.035985 0.006891 0.001757 0.043456 0.013959 0.003265 2360 1500 1030 0.150127 0.024842 0.00531 0.017602 0.002807 0.000366 0.019437 0.004319 0.000796 1790 1470 1080
0.296521 0.067204 0.015712 0.029502 0.005644 0.001178 0.036488 0.011794 0.002055 1820 1200 970 0.167652 0.032311 0.001327 0.019426 0.003296 0.000101 0.02105 0.005758 0.000141 1480 2180 1190
0.396465 0.065148 0.020519 0.039157 0.005812 0.001509 0.04683 0.011324 0.002901 2720 980 1460 0.168153 0.022111 0.003538 0.019095 0.002528 0.000266 0.021341 0.003796 0.000472 1750 950 1660
0.396812 0.072549 0.023559 0.038928 0.006361 0.001707 0.047001 0.012866 0.003314 2730 1010 1380 0.172124 0.019924 0.003558 0.01946 0.002442 0.000242 0.021768 0.003412 0.00058 1530 1500 880
0.301245 0.065295 0.023105 0.03031 0.005945 0.001804 0.036461 0.011671 0.002808 2120 1730 1420 0.115336 0.018572 0.004886 0.014047 0.002454 0.000343 0.014516 0.002984 0.000713 1310 1310 890
0.355306 0.058124 0.019845 0.035113 0.005178 0.001449 0.042801 0.010044 0.002737 2380 1830 1090 0.192338 0.019098 0.003601 0.02157 0.002224 0.00026 0.024177 0.003203 0.000537 2000 1950 790
0.218202 0.072566 0.015612 0.022205 0.006651 0.001152 0.026945 0.012461 0.002112 2590 1410 1060 0.16519 0.026284 0.005515 0.018671 0.003168 0.000404 0.020523 0.004099 0.000779 2110 1220 990
0.333952 0.05521 0.019668 0.03293 0.005083 0.001447 0.04044 0.009646 0.00264 1980 2430 1290 0.147012 0.023666 0.004778 0.017276 0.002733 0.000365 0.018668 0.003988 0.000509 2110 1340 1420
0.33837 0.083048 0.023425 0.033265 0.007319 0.001703 0.041362 0.014037 0.003138 2110 1290 1250 0.140693 0.019991 0.001847 0.016701 0.002364 0.000143 0.018586 0.003352 0.000197 2000 1440 1240
0.299507 0.074802 0.020825 0.030773 0.006686 0.001553 0.035733 0.01277 0.00279 2830 1210 1300 0.144725 0.02972 0.002134 0.017119 0.003124 0.000155 0.018328 0.005088 0.000294 1510 1160 1120
0.345038 0.079904 0.022354 0.033791 0.007081 0.001672 0.040698 0.013782 0.002991 2270 1020 1190 0.137142 0.028035 0.004435 0.015612 0.003071 0.000289 0.017712 0.004783 0.000742 1770 1610 1100
0.290965 0.062255 0.016497 0.029836 0.005719 0.001237 0.034694 0.010843 0.002176 2660 1280 1430 0.113349 0.026674 0.004123 0.01364 0.00288 0.000295 0.015471 0.004555 0.000573 1650 1390 1430
0.295497 0.080674 0.026444 0.030113 0.007305 0.001967 0.03579 0.013908 0.003617 2140 1260 1390 0.1518 0.02282 0.002269 0.017522 0.002597 0.000178 0.01908 0.003996 0.000241 1550 1050 940
0.194708 0.077246 0.023035 0.020314 0.006675 0.001721 0.024793 0.013325 0.003063 2050 970 950 0.112075 0.022793 0.003653 0.013716 0.002618 0.000244 0.014779 0.003884 0.000619 2830 2250 1250
0.273586 0.059583 0.017748 0.028048 0.005506 0.001304 0.034275 0.010363 0.002455 2880 1080 1300 0.165315 0.018511 0.004866 0.018815 0.00229 0.000337 0.021043 0.003181 0.00072 1790 1480 1470
0.325065 0.064397 0.022361 0.03237 0.005682 0.001651 0.039324 0.011533 0.00305 2360 970 1100 0.259202 0.019906 0.002886 0.027273 0.002403 0.000211 0.031164 0.003321 0.000375 2130 1050 1090
0.23621 0.057786 0.016174 0.0242 0.005206 0.001242 0.028995 0.009928 0.002017 1860 930 1840 0.096972 0.02565 0.003947 0.012071 0.002997 0.000302 0.012998 0.004285 0.000478 2250 1300 1080
0.254534 0.05813 0.020268 0.025878 0.005227 0.001449 0.031351 0.010023 0.002963 2130 1320 1290 0.190074 0.022199 0.004175 0.020931 0.002583 0.000305 0.022982 0.003745 0.000598 1880 1130 820
0.322827 0.089033 0.018801 0.031782 0.007822 0.001391 0.039705 0.01505 0.002538 2240 1220 1510 0.122861 0.022432 0.00323 0.014955 0.002682 0.000239 0.015939 0.00375 0.000468 1980 1350 1260
0.386653 0.092445 0.017249 0.038305 0.007722 0.001328 0.045825 0.015629 0.002226 2830 1960 1370 0.119375 0.021763 0.002886 0.014542 0.002421 0.000211 0.015656 0.003681 0.000375 2500 1160 910
0.345239 0.067562 0.022947 0.034225 0.005918 0.001702 0.040616 0.011642 0.003169 1760 1490 1280 0.116753 0.026626 0.002088 0.013985 0.00307 0.000148 0.0151 0.004669 0.00029 1790 1270 920
0.396668 0.067968 0.01458 0.039086 0.006181 0.001079 0.047284 0.011727 0.001944 2460 1430 1500 0.147347 0.022377 0.003418 0.016933 0.002528 0.000264 0.018295 0.003805 0.000421 1890 1150 1250
0.276518 0.073207 0.023824 0.02809 0.006575 0.001788 0.033834 0.012451 0.002996 2000 1300 1240 0.149682 0.022592 0.003153 0.017902 0.002615 0.000246 0.019087 0.003862 0.000364 2350 1400 1030
0.299442 0.062991 0.021322 0.029837 0.005685 0.001589 0.035762 0.011089 0.002797 1960 1650 930 0.112885 0.024625 0.002327 0.013772 0.00275 0.000165 0.014969 0.004359 0.000344 1630 1090 990
0.276721 0.090227 0.026074 0.028169 0.007821 0.001923 0.033455 0.014914 0.00341 1960 1770 1440 0.196587 0.022481 0.00216 0.021704 0.002521 0.000156 0.023706 0.003833 0.000297 2230 1260 1270
0.292061 0.055694 0.01781 0.029527 0.004975 0.001303 0.034809 0.010002 0.002453 3070 1210 1310 0.105161 0.026443 0.005392 0.013006 0.003101 0.000387 0.014394 0.004488 0.000738 1640 1410 1450
0.267041 0.081875 0.019878 0.027367 0.007062 0.001491 0.032924 0.014051 0.002594 2000 1350 1370 0.123011 0.020819 0.00235 0.01491 0.002342 0.000177 0.015921 0.003574 0.000317 2000 1180 1310
0.421541 0.082773 0.018085 0.040899 0.007253 0.001325 0.050401 0.014389 0.002434 2620 1050 1020 0.140429 0.019193 0.003269 0.016782 0.002396 0.000242 0.018364 0.003128 0.000444 1810 1230 950
0.181817 0.097446 0.01703 0.019167 0.008153 0.001261 0.023589 0.016662 0.002329 1630 1210 950 0.137065 0.027323 0.00285 0.016135 0.002923 0.000196 0.017601 0.004622 0.000438 1570 1430 990
0.404145 0.064752 0.02705 0.039592 0.005857 0.001995 0.048482 0.011132 0.003684 2040 1660 1360 0.138423 0.032567 0.005366 0.015988 0.003431 0.000408 0.017268 0.005917 0.000601 1770 1530 1640
0.179016 0.062304 0.025087 0.019254 0.005547 0.001778 0.02251 0.011052 0.003697 4500 1070 950 0.089515 0.021695 0.001803 0.011368 0.002535 0.000134 0.012248 0.003661 0.00025 1510 980 1370
0.503192 0.073041 0.018566 0.048035 0.006424 0.001321 0.058419 0.013093 0.002773 2110 1030 1190 0.142985 0.02769 0.004358 0.016914 0.002999 0.000322 0.018529 0.004859 0.000598 1770 1140 940
0.247135 0.072917 0.019192 0.025478 0.006717 0.001413 0.030473 0.01229 0.002684 2110 1200 1580 0.12402 0.031785 0.002466 0.014769 0.003242 0.000194 0.016678 0.005682 0.000262 1640 1170 1120
0.302338 0.053658 0.015557 0.03007 0.00514 0.001179 0.035482 0.008887 0.002 2490 1390 1200 0.146513 0.02823 0.002045 0.01695 0.003046 0.00016 0.018195 0.004849 0.000218 1690 2200 1090
0.237578 0.081758 0.012979 0.024416 0.007184 0.001004 0.029975 0.0143 0.001648 1790 1020 1510 0.144655 0.032198 0.006144 0.01687 0.003357 0.000447 0.018165 0.005724 0.000903 1290 1770 1240
0.230514 0.064591 0.020439 0.023903 0.005667 0.001513 0.028429 0.011254 0.002647 1660 1630 1070 0.13123 0.016309 0.002907 0.015696 0.002049 0.000213 0.016355 0.002641 0.000434 2120 1140 1300
0.263448 0.060289 0.014436 0.026615 0.005473 0.001048 0.031746 0.010604 0.00213 2010 1560 1120 0.1481 0.023541 0.002062 0.017694 0.002836 0.000147 0.018454 0.003961 0.000287 1760 2030 1270
0.290458 0.076963 0.015355 0.028768 0.006768 0.001155 0.035594 0.01336 0.002016 1800 1580 1250 0.14895 0.030994 0.00284 0.017389 0.003252 0.000182 0.018699 0.005526 0.000504 3020 1460 1200
0.286384 0.081929 0.023851 0.029259 0.006899 0.001726 0.035433 0.014207 0.003213 2050 1120 1170 0.161033 0.021128 0.001623 0.018621 0.002582 0.000126 0.020626 0.003532 0.000173 1760 1040 1550
0.260541 0.060223 0.025354 0.026423 0.005553 0.001908 0.031827 0.010375 0.003347 2010 1190 1130 0.106958 0.030318 0.002717 0.013205 0.003158 0.000213 0.014474 0.005243 0.000289 1760 990 1450
0.487338 0.076116 0.022786 0.047447 0.006518 0.001674 0.056757 0.01358 0.003134 2590 1000 1370 0.20933 0.024246 0.003313 0.023396 0.002796 0.000252 0.025825 0.004071 0.000382 1690 990 1300
0.225075 0.059302 0.014448 0.022208 0.005376 0.001122 0.028815 0.010263 0.001747 1410 1080 1410 0.165194 0.023143 0.003322 0.018796 0.002625 0.000244 0.020821 0.003894 0.00045 1530 1250 1190
0.20179 0.064458 0.018797 0.021216 0.005808 0.00136 0.025766 0.01113 0.002606 2030 1170 1010 0.117177 0.023534 0.006208 0.014913 0.002741 0.000433 0.015582 0.004018 0.000958 2110 1270 1030
CO HC NOx simulation run time CO HC NOx simulation run time





Table 6. Raw output data of all responses with 100 replications of scenarios 3 and 4. The three 
policies are compared next to each other within each merged response column. 
 
 
1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3
0.475296 0.217192 0.04226 0.037318 0.013578 0.002542 0.059655 0.034519 0.005628 2380 1630 1170 0.167251 0.049169 0.002841 0.016392 0.003947 0.000195 0.023218 0.007894 0.000311 1310 1320 930
0.462425 0.160056 0.031249 0.037186 0.009856 0.001925 0.058181 0.025152 0.004237 2130 1030 1540 0.206818 0.049814 0.006731 0.018908 0.003856 0.00043 0.027204 0.008382 0.000917 1790 1200 1280
0.367879 0.129734 0.033878 0.029293 0.008356 0.001995 0.048873 0.020712 0.004611 2590 2030 1450 0.237032 0.04678 0.002964 0.021553 0.003661 0.0002 0.03225 0.00714 0.000327 1430 1250 1040
0.507274 0.195511 0.044684 0.041101 0.012145 0.002622 0.063235 0.030298 0.006142 2710 1520 1040 0.277886 0.106011 0.006574 0.023679 0.007012 0.000353 0.036973 0.016533 0.001079 1790 1600 1040
0.416197 0.250219 0.027399 0.03339 0.015112 0.001655 0.0522 0.038351 0.003538 2150 1890 1410 0.184604 0.058069 0.010221 0.017238 0.004382 0.000585 0.023956 0.009018 0.00139 1410 1410 1130
0.439583 0.205983 0.045376 0.035778 0.012409 0.002621 0.05498 0.031999 0.006307 3710 1370 1020 0.156164 0.042803 0.006663 0.014898 0.003557 0.000377 0.021364 0.006361 0.000998 1390 1460 1140
0.393273 0.199015 0.024246 0.031708 0.011925 0.001524 0.050685 0.030737 0.002943 1750 1470 1160 0.286457 0.047972 0.00853 0.025879 0.003689 0.00047 0.036173 0.007272 0.001204 2270 1060 1440
0.672422 0.201474 0.035416 0.052152 0.012765 0.002074 0.082213 0.03216 0.004876 2350 1050 1300 0.219893 0.056759 0.002987 0.020022 0.004396 0.000194 0.029653 0.00906 0.000414 1890 1410 1820
0.526627 0.213936 0.038963 0.040814 0.013209 0.002327 0.068541 0.034026 0.00518 2110 1310 1390 0.181994 0.05391 0.008029 0.016805 0.004116 0.000486 0.024071 0.008993 0.00098 1320 1150 1090
0.534348 0.173922 0.04567 0.042238 0.010781 0.002552 0.066526 0.02834 0.007154 2510 1480 870 0.162132 0.060601 0.00527 0.015885 0.004204 0.000307 0.02195 0.009304 0.000671 2960 1140 1200
0.453973 0.216451 0.025963 0.036116 0.013382 0.001611 0.056994 0.035038 0.003309 3090 1410 1070 0.19051 0.042643 0.010785 0.018012 0.003334 0.000625 0.025856 0.00663 0.001631 1990 1180 1260
0.587326 0.228845 0.038821 0.0462 0.013729 0.002265 0.071774 0.035966 0.005413 2360 1330 1190 0.167566 0.04541 0.007454 0.016665 0.00338 0.00043 0.022855 0.00719 0.001086 3250 1080 1030
0.525182 0.186118 0.047714 0.042245 0.01153 0.002751 0.065784 0.02954 0.006742 2490 1060 1130 0.171707 0.060342 0.013401 0.016707 0.004475 0.000719 0.023368 0.009184 0.001829 2030 1050 1100
0.451509 0.157667 0.02999 0.035763 0.010013 0.001776 0.057992 0.025322 0.004535 2150 1700 1350 0.253409 0.049653 0.006886 0.022694 0.003701 0.000423 0.033739 0.007378 0.000844 2170 1910 1060
0.537439 0.15441 0.033798 0.041879 0.009635 0.001904 0.067498 0.024946 0.004693 2490 2030 1110 0.158232 0.038304 0.011329 0.015421 0.003236 0.000647 0.021927 0.006146 0.0016 1630 1310 1090
0.562445 0.197227 0.045429 0.044274 0.012233 0.002656 0.069335 0.030536 0.006134 2260 900 1330 0.192638 0.056317 0.007053 0.017399 0.004209 0.000393 0.025791 0.009186 0.000947 1780 1450 1360
0.291289 0.164784 0.045563 0.023572 0.010397 0.002522 0.038832 0.026709 0.006257 1580 2080 1210 0.150577 0.072914 0.012128 0.014137 0.005029 0.000708 0.021311 0.011447 0.001604 1330 1330 1290
0.349371 0.167224 0.028756 0.029246 0.010427 0.001676 0.045576 0.027285 0.003971 2010 1080 1140 0.193839 0.07653 0.009713 0.017795 0.005069 0.000593 0.026386 0.011711 0.001249 2010 1160 1640
0.418564 0.194764 0.04754 0.033354 0.011999 0.002679 0.053277 0.03197 0.00674 1730 1520 1220 0.30669 0.070692 0.00929 0.026178 0.004887 0.000522 0.03893 0.010968 0.001288 1520 1630 1060
0.399464 0.170833 0.029292 0.032071 0.010512 0.001752 0.051816 0.027036 0.003846 3330 1480 1140 0.283622 0.063801 0.003325 0.025401 0.004472 0.000207 0.036677 0.009899 0.000458 2130 1420 1290
0.467435 0.160144 0.052623 0.036798 0.010227 0.003023 0.059978 0.025935 0.007638 2240 1920 1390 0.22448 0.042479 0.007373 0.019833 0.00345 0.000444 0.029994 0.007119 0.000985 1170 1230 860
0.540216 0.158961 0.046825 0.0432 0.010297 0.002841 0.067242 0.025959 0.006036 2500 1710 1310 0.286695 0.06764 0.008665 0.024583 0.004609 0.000513 0.037948 0.010581 0.001218 2380 940 1450
0.472498 0.185809 0.052807 0.037623 0.011458 0.003242 0.058685 0.029121 0.006754 2350 1450 1250 0.202689 0.067282 0.006248 0.018294 0.004635 0.000376 0.027485 0.010459 0.000777 1960 1000 1290
0.478269 0.185701 0.040678 0.038656 0.011544 0.002328 0.061323 0.030119 0.005615 2270 1180 1440 0.164048 0.033389 0.007379 0.015977 0.002925 0.000432 0.022757 0.004962 0.001073 1520 1820 1540
0.32212 0.168541 0.053919 0.025685 0.010311 0.003006 0.043274 0.02633 0.007627 2220 1220 1190 0.242026 0.075305 0.015043 0.022285 0.005238 0.000808 0.032081 0.012005 0.002183 1520 1800 1340
0.47695 0.19775 0.045733 0.036812 0.012097 0.002599 0.06214 0.03178 0.006614 2200 1300 1350 0.269683 0.056794 0.00957 0.024007 0.004162 0.000542 0.034449 0.008515 0.001318 1640 1500 1640
0.509635 0.165407 0.037918 0.040274 0.010979 0.002224 0.062759 0.027253 0.005221 2490 1310 1390 0.294554 0.049126 0.002978 0.025082 0.003778 0.000196 0.0372 0.007765 0.000332 2010 1370 1060
0.454891 0.155822 0.056888 0.036043 0.009582 0.003254 0.057 0.024827 0.007844 1790 1400 1790 0.272864 0.052424 0.007441 0.024257 0.004068 0.000467 0.036076 0.007914 0.001003 2040 1020 1280
0.454033 0.188745 0.03419 0.036715 0.011638 0.00207 0.057005 0.029393 0.004654 1910 1520 1190 0.244446 0.076338 0.013492 0.021853 0.005193 0.000765 0.033067 0.012146 0.001835 1520 1340 1280
0.538339 0.185954 0.03537 0.043217 0.011532 0.002047 0.067934 0.029668 0.005202 2370 1450 1380 0.150005 0.035591 0.014492 0.014917 0.002905 0.000776 0.020367 0.005787 0.00204 1790 880 1090
0.312479 0.185646 0.039539 0.025854 0.011529 0.002312 0.040332 0.029447 0.005674 1890 1490 1120 0.26318 0.05859 0.007434 0.024027 0.004245 0.000446 0.033469 0.009254 0.000993 2710 1020 1010
0.50294 0.237307 0.047515 0.039456 0.014277 0.002666 0.063827 0.037344 0.006824 2010 980 1140 0.30691 0.05433 0.012564 0.026841 0.00393 0.000681 0.041246 0.008309 0.001826 2020 1040 1150
0.38616 0.149951 0.034519 0.030705 0.009639 0.002054 0.051275 0.024253 0.004694 2120 1770 1210 0.245523 0.07239 0.018551 0.022586 0.005244 0.000968 0.032391 0.011437 0.002655 2230 1550 1340
0.52955 0.138747 0.032232 0.042605 0.008837 0.001899 0.065496 0.022802 0.00452 2480 1780 880 0.20989 0.073808 0.007571 0.01937 0.005309 0.000447 0.02778 0.011929 0.001014 1720 1500 1380
0.433747 0.217424 0.036417 0.034374 0.013394 0.002137 0.055175 0.034416 0.005068 1990 1700 1400 0.21849 0.07559 0.008926 0.02025 0.0052 0.000541 0.028959 0.0119 0.001342 2480 1050 1060
0.281014 0.158095 0.048693 0.022653 0.009934 0.002792 0.037665 0.025432 0.007204 2200 1500 770 0.210506 0.051942 0.005309 0.020126 0.004301 0.000305 0.027805 0.007894 0.000757 2180 1570 1010
0.300366 0.189544 0.053455 0.024367 0.011468 0.003071 0.039857 0.030677 0.007297 2140 1100 1230 0.150865 0.050288 0.008284 0.015165 0.003718 0.000493 0.020878 0.007728 0.001094 2230 1310 1510
0.460891 0.15837 0.041028 0.036895 0.009958 0.002455 0.057796 0.025464 0.005573 2110 940 1010 0.291062 0.062023 0.009129 0.025416 0.004362 0.00054 0.037202 0.009606 0.001273 1650 990 1220
0.335494 0.188004 0.0465 0.027013 0.011555 0.002642 0.044265 0.030227 0.006806 3030 1040 1100 0.198141 0.056046 0.004947 0.018817 0.004486 0.000311 0.027369 0.009091 0.000719 1990 1520 1470
0.433994 0.121163 0.04684 0.034979 0.007613 0.002704 0.054908 0.019083 0.006581 2530 1640 1120 0.335729 0.053517 0.00886 0.029327 0.004119 0.000537 0.042388 0.008075 0.001154 1820 1630 1710
0.350027 0.164641 0.035768 0.027819 0.010378 0.002194 0.04577 0.026694 0.004715 1990 1190 890 0.176719 0.052702 0.010201 0.016667 0.004062 0.000538 0.023641 0.00817 0.001475 1520 1500 1380
0.498457 0.16288 0.037757 0.039732 0.009936 0.002151 0.062132 0.026078 0.005482 2050 1730 950 0.218242 0.042376 0.008633 0.020872 0.003432 0.00049 0.029645 0.006762 0.001127 1400 1190 1030
0.509733 0.168913 0.046914 0.040329 0.010516 0.002683 0.063113 0.026674 0.006764 1870 1460 1260 0.238391 0.065151 0.009591 0.021523 0.004553 0.000513 0.031777 0.010762 0.001318 1290 1360 1160
0.628091 0.196845 0.027297 0.049604 0.012015 0.001594 0.077888 0.031117 0.003878 2620 1360 1080 0.223743 0.050411 0.00311 0.020882 0.003687 0.000198 0.029793 0.008087 0.00043 1520 1260 1010
0.352592 0.171908 0.038195 0.029107 0.0105 0.002267 0.046168 0.027347 0.005179 2140 1490 860 0.194085 0.047106 0.010518 0.017795 0.003566 0.000644 0.025623 0.007332 0.001599 1750 840 1090
0.324019 0.214817 0.032512 0.026532 0.012858 0.001951 0.041634 0.032569 0.004473 1520 1260 1410 0.150559 0.066308 0.005743 0.014968 0.004658 0.000331 0.020644 0.010636 0.000807 1610 1280 1080
0.357403 0.170066 0.037405 0.029201 0.010482 0.002264 0.046043 0.027132 0.004822 2830 1070 1350 0.199972 0.075905 0.004388 0.019097 0.004994 0.000272 0.027224 0.01184 0.000658 1510 1480 1200
0.482827 0.220886 0.035751 0.036871 0.013593 0.002108 0.062391 0.035392 0.004826 1880 2050 1430 0.183319 0.063414 0.008292 0.016838 0.004482 0.000468 0.02521 0.009938 0.001089 1630 1760 1070
0.506935 0.21283 0.034325 0.040455 0.01272 0.002047 0.06363 0.033362 0.004567 2350 1320 1230 0.213323 0.064816 0.007738 0.019586 0.004437 0.000417 0.02851 0.010367 0.001116 2360 1530 1130
0.361372 0.141271 0.037189 0.029235 0.008884 0.002131 0.048919 0.022391 0.005148 2130 1160 1440 0.223684 0.044036 0.019728 0.020438 0.003513 0.00104 0.02909 0.006942 0.00279 1640 1000 1040
0.292696 0.18871 0.048201 0.022992 0.01145 0.002921 0.039152 0.029511 0.006478 1450 2040 1120 0.187937 0.044312 0.014618 0.017313 0.003478 0.00079 0.024964 0.007198 0.00205 1310 1100 990
0.557776 0.202945 0.045864 0.044151 0.012559 0.00261 0.069079 0.032068 0.00629 2250 1580 1290 0.26213 0.069618 0.005411 0.022521 0.004838 0.000338 0.033959 0.011189 0.000773 1400 1220 1190
0.336137 0.191092 0.038699 0.027347 0.011739 0.002291 0.044137 0.030054 0.005062 1880 1400 850 0.175905 0.061385 0.006581 0.01668 0.004417 0.000391 0.024319 0.010112 0.000898 1720 1230 1170
0.348453 0.181962 0.051583 0.028551 0.011443 0.002917 0.045289 0.029269 0.007345 1890 1880 1720 0.128242 0.040231 0.005735 0.013289 0.003506 0.000356 0.018377 0.00645 0.000812 1560 1050 1220
0.594443 0.165629 0.041745 0.046871 0.010203 0.002439 0.073609 0.02663 0.00601 2240 1010 1210 0.096923 0.055392 0.00691 0.010426 0.004159 0.000374 0.013654 0.00889 0.000937 1790 1530 1070
0.369731 0.189064 0.033332 0.030375 0.01206 0.001954 0.047573 0.030503 0.004812 2010 1180 1080 0.149038 0.048697 0.006 0.014678 0.003879 0.000358 0.020861 0.007758 0.00075 1630 1200 1030
0.430342 0.136391 0.051479 0.034621 0.00862 0.003154 0.054307 0.021938 0.006854 3180 1200 1200 0.189696 0.057649 0.003031 0.017656 0.004121 0.000191 0.025987 0.00908 0.000423 2250 2210 890
0.575454 0.183048 0.05451 0.044945 0.011143 0.003254 0.071526 0.028102 0.007484 2360 1690 1060 0.208281 0.067871 0.002234 0.01919 0.004695 0.00015 0.027292 0.010595 0.000247 1390 1240 1100
0.398399 0.133757 0.038116 0.032256 0.008341 0.002262 0.051157 0.021806 0.005429 1750 1230 1330 0.264129 0.041722 0.007904 0.022779 0.003287 0.000461 0.034724 0.006777 0.001135 1690 1360 1310
0.457178 0.154729 0.042063 0.036278 0.009911 0.002436 0.056896 0.02511 0.00604 1890 1160 1540 0.256523 0.041942 0.005008 0.023381 0.003511 0.000314 0.033297 0.006816 0.000727 2440 1550 1070
0.380295 0.158578 0.051654 0.030307 0.009812 0.002915 0.04947 0.025746 0.007178 1750 1120 1590 0.191234 0.085147 0.005634 0.018028 0.005647 0.000322 0.026016 0.013135 0.000796 2050 1290 940
0.407551 0.179366 0.037174 0.032957 0.011154 0.002193 0.052217 0.028851 0.00525 3060 1770 1360 0.16561 0.055304 0.001644 0.016162 0.004231 0.000109 0.022819 0.008496 0.000183 2610 1390 1360
0.439486 0.155357 0.060445 0.035635 0.009713 0.003286 0.054732 0.025112 0.008602 2250 920 1820 0.185737 0.054481 0.01854 0.017552 0.004034 0.000951 0.024831 0.008824 0.002744 1870 1790 1200
0.528119 0.212722 0.041774 0.041104 0.01313 0.002449 0.066359 0.033758 0.005828 2370 1230 1750 0.233392 0.077321 0.007889 0.021287 0.005301 0.000444 0.030852 0.012167 0.001043 1280 960 1100
0.28662 0.168017 0.038323 0.023757 0.010576 0.002239 0.038557 0.027313 0.005196 1420 1380 1070 0.39712 0.048234 0.012316 0.034333 0.003598 0.00065 0.049451 0.007298 0.001707 2000 1200 1030
0.57363 0.140062 0.051949 0.044772 0.008768 0.003058 0.071128 0.022605 0.00688 1880 1240 950 0.2514 0.049293 0.008001 0.022961 0.004078 0.000431 0.033177 0.007899 0.001148 1870 1740 1510
0.460342 0.191764 0.030301 0.036912 0.011669 0.001823 0.058066 0.030815 0.003956 2250 2460 730 0.187817 0.046134 0.005308 0.017996 0.003443 0.000318 0.025607 0.007217 0.000849 2160 1150 1380
0.376165 0.139433 0.035996 0.030666 0.008768 0.002115 0.046721 0.022443 0.004837 1720 1110 1330 0.228008 0.061611 0.006196 0.020639 0.004619 0.000341 0.030231 0.009512 0.00095 1720 1390 1250
0.376197 0.12611 0.033828 0.030724 0.007984 0.001939 0.048856 0.019153 0.004877 2610 1300 700 0.296499 0.058071 0.008598 0.025936 0.004325 0.000448 0.038886 0.009799 0.001207 1810 830 2010
0.319469 0.170879 0.043432 0.025702 0.010396 0.002427 0.042864 0.027034 0.006112 1810 1530 1030 0.235544 0.055427 0.004429 0.022067 0.004072 0.00029 0.031777 0.009067 0.000574 2370 1030 1000
0.390455 0.153626 0.033467 0.03133 0.00988 0.002025 0.048859 0.025026 0.00447 1640 1500 1430 0.176367 0.053593 0.010713 0.016683 0.004184 0.000572 0.024294 0.008449 0.001532 1790 1180 1020
0.359692 0.151218 0.034443 0.028155 0.009406 0.002085 0.046594 0.024597 0.004582 1570 1040 1260 0.183401 0.051625 0.007973 0.017502 0.004024 0.000439 0.02435 0.008063 0.001138 2080 1340 1250
0.33083 0.179931 0.042982 0.026445 0.010899 0.002443 0.044002 0.026777 0.005773 1570 1270 1070 0.248056 0.056518 0.005277 0.022423 0.004238 0.000317 0.032241 0.009178 0.000845 1720 1060 1220
0.37646 0.209933 0.037111 0.030578 0.012718 0.002158 0.049622 0.03282 0.00532 2110 920 1070 0.198608 0.070689 0.011441 0.018145 0.004947 0.000635 0.028103 0.010858 0.001704 1470 1330 1590
0.42797 0.181184 0.048424 0.034166 0.010801 0.002938 0.055115 0.028443 0.006354 1880 1210 1190 0.213214 0.035028 0.007099 0.020113 0.002885 0.000412 0.028261 0.005423 0.001043 3070 1040 1180
0.464959 0.183955 0.028844 0.037168 0.011547 0.001713 0.059188 0.029302 0.003982 1630 1240 1000 0.213514 0.033683 0.005809 0.019718 0.002914 0.000334 0.028839 0.005202 0.000995 1630 1470 1570
0.337367 0.15173 0.044464 0.027535 0.009281 0.002553 0.043482 0.02411 0.006132 1570 1270 990 0.223094 0.081739 0.010139 0.020527 0.00577 0.000536 0.029455 0.013058 0.001467 1630 1830 1140
0.412114 0.175938 0.038629 0.032667 0.010938 0.002264 0.053413 0.02857 0.005328 2120 1100 900 0.387283 0.048572 0.001613 0.032934 0.003734 0.000107 0.047683 0.008172 0.000179 2220 1770 1660
0.419869 0.134268 0.045009 0.034507 0.008617 0.002626 0.052508 0.021869 0.006089 2000 890 980 0.15272 0.054022 0.002561 0.015394 0.004036 0.000176 0.02108 0.008665 0.000281 2220 1230 1550
0.508565 0.185098 0.033407 0.040111 0.011465 0.001952 0.064173 0.029491 0.004825 2310 1780 1040 0.175536 0.061258 0.005024 0.017158 0.004489 0.000297 0.022784 0.009732 0.000639 1870 1230 1240
0.442373 0.236153 0.073389 0.03518 0.014408 0.004244 0.055392 0.035799 0.009658 2010 1280 1360 0.192977 0.048251 0.006073 0.018488 0.003655 0.000336 0.025985 0.007655 0.000934 1390 1280 1230
0.455561 0.198885 0.033092 0.036662 0.012283 0.001941 0.058192 0.031524 0.004446 2690 1140 1030 0.179332 0.078008 0.005095 0.017323 0.005445 0.000329 0.024199 0.012716 0.000651 1640 1500 1350
0.537592 0.23391 0.026726 0.042515 0.014062 0.001578 0.066719 0.036705 0.003642 2260 1500 1160 0.223967 0.052909 0.007966 0.020338 0.004007 0.000464 0.029464 0.008019 0.001143 1560 1270 1150
0.475452 0.149125 0.03586 0.037136 0.009654 0.002147 0.06055 0.024057 0.004739 2480 1080 1260 0.222936 0.043649 0.007769 0.020041 0.003156 0.000418 0.030192 0.006792 0.00112 1750 1640 1290
0.272709 0.118551 0.038122 0.022682 0.007483 0.002216 0.03638 0.018828 0.005337 1880 1090 1170 0.27523 0.050512 0.008691 0.024736 0.004019 0.000486 0.036957 0.0083 0.001399 1910 1400 1120
0.631961 0.167735 0.03394 0.049782 0.01034 0.001957 0.078072 0.026929 0.004882 2140 1420 1510 0.170966 0.03943 0.004412 0.016408 0.003289 0.000285 0.023371 0.006267 0.000575 1550 1260 1210
0.389326 0.164188 0.035329 0.031376 0.010234 0.002089 0.050314 0.027154 0.004853 1880 1520 1640 0.129479 0.065001 0.006917 0.013115 0.004566 0.000425 0.018626 0.010538 0.000848 1880 1120 1610
0.398647 0.216158 0.042507 0.032297 0.01346 0.002416 0.051635 0.034862 0.006178 1990 1300 1130 0.168004 0.058004 0.004268 0.016127 0.004339 0.000246 0.023358 0.009125 0.000736 1510 1230 1410
0.420922 0.134282 0.038811 0.034022 0.008524 0.002279 0.054687 0.020905 0.005166 2240 1230 1260 0.303809 0.0538 0.003875 0.02728 0.004093 0.000217 0.039178 0.009043 0.000514 2010 1400 1120
0.433852 0.195816 0.031441 0.034537 0.011896 0.001908 0.055202 0.030888 0.004256 2260 1840 1510 0.200509 0.059251 0.002922 0.018172 0.004469 0.000182 0.026448 0.010061 0.000411 1980 1110 1260
0.697934 0.17504 0.049977 0.054505 0.011251 0.002989 0.083625 0.027835 0.007002 2750 1340 1140 0.226976 0.054081 0.005767 0.020393 0.004301 0.000344 0.03025 0.008832 0.000723 1420 1220 1020
0.280094 0.17879 0.03316 0.022598 0.011011 0.002056 0.037487 0.027912 0.004188 2060 1470 2050 0.152998 0.051203 0.006327 0.014618 0.004035 0.000384 0.021243 0.008383 0.000784 1280 1320 1190
0.507619 0.185365 0.035946 0.040319 0.01152 0.002169 0.064298 0.0302 0.005199 2840 1400 1440 0.143967 0.042369 0.012218 0.014261 0.003636 0.00063 0.018916 0.006783 0.001964 1200 1530 990
0.379284 0.158341 0.037168 0.031302 0.009693 0.002159 0.049994 0.024958 0.005148 2710 1220 1220 0.220037 0.049482 0.005453 0.020417 0.003775 0.000357 0.030583 0.008061 0.000688 2210 1550 1040
0.41352 0.24472 0.049307 0.033079 0.014694 0.002947 0.054692 0.038928 0.006487 1870 1680 1300 0.235451 0.083431 0.009693 0.02186 0.005447 0.000546 0.030674 0.012969 0.001334 1870 1370 1310
0.286991 0.177658 0.038651 0.023918 0.010721 0.002282 0.037914 0.027567 0.005037 2230 1280 1980 0.155328 0.043917 0.008901 0.015258 0.003351 0.000493 0.021609 0.006497 0.001246 1770 1060 1880
0.531918 0.199815 0.04831 0.042574 0.012689 0.002683 0.067376 0.031214 0.006891 3090 1260 1000 0.194134 0.062984 0.007557 0.018753 0.004527 0.000451 0.026834 0.009643 0.001009 1880 1100 1050
0.31378 0.20714 0.040142 0.026169 0.012592 0.002314 0.040875 0.033301 0.005563 2110 980 1760 0.208589 0.060538 0.006704 0.019258 0.004316 0.000395 0.028195 0.009618 0.000914 1520 1340 970
0.573069 0.187127 0.032931 0.044735 0.011354 0.002011 0.071037 0.028973 0.004419 2490 1410 1520 0.353537 0.043745 0.011954 0.030735 0.003495 0.000656 0.044235 0.006627 0.001669 2040 1090 1030
0.32432 0.209251 0.042534 0.026667 0.013029 0.002496 0.043165 0.033616 0.005633 2110 1340 1270 0.220948 0.048553 0.010011 0.020235 0.003562 0.000577 0.029779 0.007705 0.001543 1990 1000 1100
3 4
CO HC NOx simulation run time CO HC NOx simulation run time
41 
 
Table 7. Raw output data of all responses with 100 replications of scenarios 5 and 6. The three 
policies are compared next to each other within each merged response column. 
 
1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3
0.77649 0.279139 0.098147 0.072319 0.023527 0.007652 0.089578 0.040583 0.011429 2870 1220 1310 0.398738 0.071773 0.020044 0.040595 0.006742 0.001496 0.048209 0.012648 0.002555 2480 1700 1310
0.837781 0.257207 0.092223 0.076994 0.021897 0.007109 0.097504 0.037318 0.010788 2610 1260 1120 0.350302 0.101386 0.019091 0.036241 0.009354 0.001444 0.042732 0.017688 0.002425 2480 1420 1280
0.69866 0.249073 0.049839 0.064949 0.020668 0.003722 0.082553 0.037562 0.006473 2610 1080 1180 0.336475 0.068943 0.023332 0.034484 0.006802 0.001697 0.041069 0.011924 0.003166 2040 1090 1320
0.838684 0.196905 0.071134 0.07715 0.016051 0.005484 0.096583 0.031389 0.008503 2860 1410 1550 0.476765 0.100279 0.022492 0.047691 0.009334 0.001711 0.055252 0.016901 0.002767 2230 1290 1050
0.65729 0.322722 0.083674 0.061319 0.026379 0.00646 0.078089 0.048032 0.010272 2220 1530 1800 0.534675 0.095417 0.020881 0.053424 0.008627 0.001587 0.061616 0.016693 0.002576 2600 1680 1280
0.724487 0.257095 0.082842 0.067672 0.021289 0.006559 0.084941 0.038841 0.00962 2970 1930 1480 0.27198 0.072487 0.026917 0.029241 0.006891 0.002011 0.033271 0.012475 0.003544 1930 1260 1590
0.717848 0.276062 0.063328 0.066901 0.022968 0.004778 0.083586 0.040443 0.007805 2140 1310 1120 0.501787 0.063528 0.018917 0.050316 0.005942 0.001478 0.059912 0.010836 0.002042 2990 1270 1820
0.775276 0.193292 0.091129 0.072082 0.016151 0.006998 0.089496 0.030774 0.011118 2490 1620 1160 0.388625 0.079323 0.015396 0.039083 0.007393 0.001129 0.046484 0.013897 0.002241 1890 1660 1300
0.933102 0.256793 0.089149 0.086262 0.021472 0.007008 0.106754 0.038796 0.01075 3010 1580 1130 0.299748 0.074859 0.022966 0.031342 0.007268 0.001656 0.036109 0.012464 0.00326 2250 1560 1310
0.418746 0.20703 0.089924 0.040717 0.01753 0.006992 0.050629 0.032323 0.010425 1880 1280 1200 0.563727 0.099304 0.022188 0.056058 0.00901 0.001643 0.065791 0.015197 0.002909 2790 1340 1060
0.634722 0.274813 0.072915 0.060016 0.02297 0.005592 0.072402 0.040598 0.008659 2990 1440 1420 0.48595 0.064271 0.017717 0.049033 0.006363 0.001355 0.057427 0.010929 0.002181 4620 1280 1100
0.682544 0.232538 0.097002 0.064215 0.019243 0.007673 0.079123 0.035869 0.011363 2760 1160 1500 0.330738 0.118172 0.030544 0.033736 0.010763 0.002277 0.040481 0.019211 0.004017 2270 1340 1120
0.706821 0.18942 0.100305 0.065813 0.015687 0.007573 0.08341 0.029514 0.012241 2120 1470 1260 0.508054 0.092015 0.019209 0.050281 0.008547 0.001397 0.059143 0.016302 0.002668 2360 1550 1440
0.745125 0.21424 0.065443 0.069527 0.018135 0.00503 0.085868 0.033432 0.007919 2350 1450 1570 0.422259 0.077157 0.019835 0.04288 0.007205 0.001514 0.049577 0.013307 0.002539 2230 1260 1380
0.868423 0.263911 0.090178 0.080824 0.022196 0.006973 0.100461 0.039706 0.01054 3190 1470 1440 0.369979 0.112716 0.01528 0.038757 0.010063 0.001156 0.044891 0.018285 0.001885 2130 1750 1320
0.769021 0.264977 0.079134 0.071429 0.021865 0.006099 0.088626 0.040655 0.009234 2120 1710 920 0.300061 0.091068 0.021723 0.031339 0.008416 0.001616 0.037142 0.015592 0.002858 2010 1450 1310
0.8776 0.254155 0.068642 0.081495 0.020994 0.005161 0.101326 0.038833 0.008412 2850 2170 1940 0.360443 0.094411 0.018872 0.036449 0.008623 0.00142 0.042579 0.016503 0.002269 1790 1700 1360
0.713237 0.243778 0.069004 0.066533 0.020372 0.005283 0.083302 0.03787 0.008819 2950 1570 1140 0.344644 0.101195 0.018365 0.035666 0.00915 0.001401 0.041439 0.016866 0.002213 1990 1390 960
1.002268 0.235249 0.125665 0.092099 0.019567 0.009772 0.115196 0.035721 0.014398 2810 1200 1500 0.437816 0.082881 0.026701 0.044367 0.007953 0.0021 0.051964 0.014222 0.003124 2130 1520 1580
0.716862 0.175802 0.097641 0.066893 0.014705 0.007426 0.083717 0.027482 0.011583 2600 1080 1250 0.382597 0.083632 0.015118 0.038755 0.007899 0.001178 0.045574 0.014819 0.00177 1750 920 1090
0.684521 0.303383 0.12539 0.064127 0.025274 0.009798 0.080626 0.044929 0.014809 2350 1230 1440 0.386549 0.091818 0.014192 0.039998 0.008756 0.001093 0.046092 0.015482 0.001672 1990 1340 1060
0.767809 0.231043 0.114516 0.071294 0.019246 0.008962 0.089089 0.034833 0.013084 2390 1240 1370 0.404099 0.08446 0.024528 0.041461 0.007738 0.00185 0.047886 0.014545 0.003032 2470 1120 1660
0.839759 0.17842 0.090079 0.077735 0.01518 0.00681 0.097337 0.027285 0.010762 3180 1220 1090 0.412214 0.105082 0.024625 0.041522 0.009581 0.001843 0.049204 0.017886 0.003204 2310 1430 1490
0.775194 0.267146 0.059648 0.072443 0.02228 0.004567 0.090575 0.039357 0.007152 3070 1500 1260 0.321073 0.102379 0.017796 0.033911 0.009561 0.001336 0.038694 0.017257 0.002324 1890 2060 1250
0.777339 0.217253 0.102822 0.07226 0.018178 0.00789 0.090047 0.034765 0.01209 2360 1320 1380 0.408231 0.081685 0.018895 0.04078 0.007786 0.001435 0.048256 0.014232 0.002336 2000 1450 1170
0.850601 0.325962 0.080194 0.079002 0.026301 0.0063 0.098808 0.047845 0.008957 2960 1230 1180 0.350467 0.089465 0.020926 0.03651 0.008192 0.00158 0.042586 0.015317 0.002724 2110 1490 900
0.595039 0.262889 0.081291 0.05625 0.021425 0.006396 0.070489 0.040418 0.009714 2710 1890 1270 0.357331 0.12675 0.021316 0.036791 0.011465 0.001577 0.043478 0.02139 0.002759 2360 1390 1660
0.869852 0.279664 0.090733 0.080571 0.023268 0.007001 0.100414 0.042358 0.010911 2710 2650 1500 0.331034 0.090983 0.018593 0.034859 0.008398 0.001429 0.039833 0.01484 0.002142 1870 1700 1160
0.732332 0.195922 0.076285 0.068541 0.016369 0.005874 0.086116 0.029942 0.008902 2250 1500 1480 0.277498 0.109811 0.01529 0.030431 0.010123 0.001195 0.033924 0.018406 0.001769 2240 1380 1320
0.719297 0.252261 0.091197 0.067563 0.020772 0.006923 0.083896 0.037533 0.011274 2620 1390 1100 0.6979 0.105526 0.021457 0.067521 0.009426 0.001576 0.080115 0.017897 0.002944 2590 1130 1620
0.597739 0.236158 0.078933 0.056558 0.019774 0.00604 0.071342 0.03708 0.009593 2830 1660 1790 0.445393 0.089486 0.016063 0.044947 0.008173 0.001266 0.052816 0.015588 0.001774 2330 1290 1000
0.600009 0.245994 0.082509 0.055932 0.020405 0.006283 0.070395 0.038744 0.009752 2160 1270 1300 0.487382 0.076728 0.019863 0.048559 0.007189 0.001522 0.057377 0.013306 0.002448 2980 1190 1440
0.74229 0.161815 0.076197 0.069537 0.013697 0.005852 0.086224 0.025268 0.009178 2970 1510 2150 0.488049 0.094772 0.036488 0.0483 0.008762 0.002707 0.057461 0.016416 0.004605 2110 1400 1130
0.634575 0.239441 0.106985 0.059441 0.019771 0.008091 0.073753 0.036132 0.012885 2760 1430 1280 0.298846 0.083733 0.017196 0.031721 0.007646 0.001296 0.036989 0.014363 0.002175 2630 1060 1250
0.674058 0.316586 0.069089 0.063315 0.026357 0.005342 0.078307 0.045204 0.008304 2840 1360 1160 0.432645 0.076859 0.024349 0.043276 0.00758 0.001863 0.051709 0.012689 0.002982 2220 1610 1150
0.791343 0.189766 0.089012 0.073381 0.015887 0.006805 0.091136 0.029307 0.010782 3070 1760 1190 0.331366 0.105557 0.026125 0.034673 0.009547 0.001959 0.040733 0.017968 0.003243 1790 1190 1760
0.652225 0.292858 0.106113 0.060751 0.024227 0.008065 0.076651 0.042913 0.01262 2690 1810 1250 0.579447 0.101167 0.018629 0.057018 0.008884 0.001463 0.067797 0.017714 0.002274 2470 1420 1130
0.755771 0.218982 0.093843 0.070472 0.018196 0.007283 0.088618 0.033868 0.010908 3240 1450 1030 0.547642 0.083504 0.017404 0.054038 0.00789 0.001302 0.063702 0.014175 0.002161 2590 1420 1480
0.81617 0.255862 0.117341 0.076223 0.021111 0.009109 0.094774 0.039735 0.013014 3310 1410 2040 0.384343 0.09916 0.022792 0.039042 0.008988 0.001788 0.045728 0.016861 0.002614 2490 2020 1220
0.763876 0.222101 0.079902 0.070889 0.018486 0.006261 0.088515 0.034645 0.009588 2880 1160 1120 0.413318 0.101436 0.030291 0.04218 0.009279 0.002263 0.049327 0.017511 0.003772 2270 1450 1140
0.689644 0.197383 0.102568 0.064275 0.016993 0.007905 0.080498 0.030532 0.011891 2590 1420 1340 0.459248 0.073859 0.020889 0.045601 0.006958 0.001638 0.054346 0.012901 0.002422 2060 1080 1260
0.917508 0.292944 0.088529 0.084042 0.024214 0.00664 0.105188 0.043485 0.010837 2220 1110 1140 0.552858 0.074462 0.019491 0.054714 0.00726 0.001432 0.063786 0.012473 0.002678 2290 1700 1080
0.789063 0.219809 0.090479 0.072855 0.018499 0.007009 0.090891 0.032564 0.010618 2590 1830 1110 0.368274 0.095707 0.019238 0.037642 0.008961 0.001442 0.044553 0.016231 0.002554 1880 2200 1200
0.832935 0.271524 0.084101 0.077522 0.023162 0.006371 0.0956 0.038891 0.010066 2720 1730 1330 0.367079 0.077612 0.01837 0.037477 0.007301 0.001411 0.044141 0.012932 0.002269 2030 1070 1620
0.631978 0.231073 0.101491 0.058589 0.019099 0.008111 0.075031 0.034745 0.011708 2520 1360 1300 0.39784 0.105952 0.02188 0.040378 0.009917 0.001638 0.047685 0.018149 0.002922 1890 1200 1210
0.554018 0.252737 0.090147 0.052908 0.021281 0.006946 0.065723 0.037548 0.010521 2480 1280 1700 0.44704 0.100903 0.024974 0.045132 0.009342 0.001875 0.053544 0.017359 0.003166 2950 1310 1330
0.72358 0.285111 0.078655 0.067861 0.023929 0.006124 0.084999 0.042791 0.009073 2610 1340 1310 0.295037 0.081387 0.027023 0.031542 0.007874 0.002058 0.037001 0.013273 0.003306 1730 1390 1410
0.703477 0.346234 0.123863 0.065937 0.028488 0.009587 0.081556 0.051391 0.014194 2620 2440 1600 0.516166 0.070861 0.026713 0.050735 0.006699 0.00206 0.059419 0.012121 0.003195 2000 1930 1550
0.832486 0.169657 0.08677 0.077028 0.014064 0.006792 0.095227 0.027128 0.01032 3070 1270 1190 0.358021 0.089739 0.026638 0.036731 0.008435 0.002043 0.043027 0.014489 0.003122 2060 1280 1240
0.800284 0.277511 0.084375 0.074175 0.023266 0.006562 0.092714 0.042317 0.009749 2710 1380 1090 0.38085 0.076717 0.018687 0.039178 0.007429 0.001406 0.046151 0.012903 0.002221 2230 1530 1300
0.849571 0.255907 0.082169 0.079372 0.021207 0.006274 0.098636 0.038188 0.0103 2590 1180 1370 0.383949 0.076673 0.022441 0.03974 0.007509 0.001677 0.045549 0.012743 0.002774 2510 1060 1950
0.718798 0.276754 0.078346 0.066035 0.022931 0.006152 0.083523 0.041207 0.009251 2480 1450 1200 0.397938 0.09802 0.016374 0.040295 0.008874 0.001238 0.048395 0.01657 0.002077 1730 1150 1290
0.828365 0.278927 0.0781 0.076431 0.023395 0.005877 0.096568 0.040232 0.009647 3030 1290 1510 0.596454 0.093619 0.026477 0.058249 0.008608 0.002016 0.068385 0.015336 0.003229 2100 1510 1520
0.771435 0.242061 0.087895 0.071856 0.020511 0.006671 0.089181 0.03627 0.010317 3710 1890 1570 0.467395 0.08916 0.022939 0.047659 0.00836 0.00175 0.054986 0.014836 0.002757 2290 1320 2590
0.71167 0.235603 0.0912 0.067054 0.019485 0.006871 0.082745 0.035762 0.011242 3070 1820 1630 0.561248 0.057078 0.015056 0.055623 0.005582 0.001117 0.064576 0.009891 0.001977 2240 980 1420
0.760117 0.316443 0.073602 0.071352 0.026251 0.005658 0.088294 0.046982 0.009033 3190 2500 1090 0.44586 0.125732 0.020141 0.044624 0.010982 0.001511 0.051737 0.021277 0.002602 2140 990 1210
0.648036 0.242458 0.129305 0.060856 0.020166 0.010051 0.075876 0.036184 0.015437 2270 1630 1400 0.34667 0.112235 0.024626 0.035487 0.010275 0.001863 0.041263 0.0187 0.002816 1900 1390 1520
0.477797 0.268307 0.076752 0.045519 0.021525 0.005807 0.056506 0.041726 0.009586 2110 1240 1640 0.370311 0.062708 0.016633 0.037542 0.005989 0.001283 0.044887 0.010909 0.001989 1910 2140 1530
0.702449 0.235511 0.12756 0.065073 0.019114 0.01007 0.082406 0.036521 0.01471 3240 1130 1530 0.385305 0.091199 0.014127 0.039459 0.008378 0.001034 0.04598 0.015768 0.00184 2110 1080 1000
0.958158 0.246224 0.080817 0.08844 0.020724 0.006231 0.110616 0.036357 0.009432 2610 1170 1270 0.359509 0.09292 0.024508 0.036448 0.008631 0.00183 0.04351 0.015856 0.003183 1640 990 1770
0.64058 0.20404 0.078887 0.060369 0.017513 0.00595 0.075257 0.031337 0.009777 2740 1810 1300 0.393961 0.073885 0.023841 0.039675 0.007263 0.00176 0.048149 0.012458 0.003105 1940 1480 1280
0.97807 0.323895 0.053568 0.090726 0.026675 0.004149 0.11135 0.047974 0.006196 2640 1640 1050 0.430519 0.090455 0.018348 0.043653 0.008487 0.001418 0.051321 0.015668 0.002229 2440 1260 1560
0.640645 0.273614 0.07304 0.059831 0.022526 0.005555 0.075401 0.041093 0.008686 2940 1210 940 0.342718 0.114084 0.033801 0.035725 0.010476 0.002557 0.041715 0.019818 0.003983 2370 1520 1030
0.613285 0.231767 0.075647 0.056383 0.019357 0.005814 0.07459 0.034958 0.009317 3210 1610 1340 0.304077 0.073017 0.023432 0.031784 0.007044 0.00182 0.036992 0.012693 0.002864 1860 1460 1670
0.806213 0.261588 0.096911 0.074422 0.021244 0.007502 0.093443 0.039333 0.01135 2610 1230 1210 0.453823 0.095251 0.02212 0.045987 0.008843 0.001621 0.053972 0.016422 0.002997 3690 1370 1070
0.831249 0.227389 0.092388 0.077092 0.018836 0.007205 0.095822 0.035596 0.011156 2510 1230 1300 0.51886 0.080042 0.017458 0.051622 0.007186 0.001325 0.061345 0.01366 0.002202 2830 1110 1200
0.615011 0.278649 0.083906 0.057487 0.023018 0.006474 0.072574 0.041805 0.010146 2470 1690 1050 0.30368 0.110065 0.025643 0.032463 0.010008 0.002002 0.037638 0.018701 0.002993 2020 1430 1650
0.669765 0.27694 0.081612 0.062684 0.023001 0.006343 0.077564 0.041306 0.009304 2830 1480 1750 0.478301 0.079222 0.018423 0.047418 0.007765 0.001393 0.055671 0.013551 0.00224 2590 1340 1690
0.823475 0.231004 0.07922 0.076608 0.019625 0.006063 0.094835 0.035619 0.009521 3070 1090 1470 0.512712 0.085665 0.017845 0.050731 0.008041 0.001384 0.061189 0.014501 0.002118 2250 1190 1570
0.590678 0.255206 0.06345 0.055771 0.021357 0.004796 0.069259 0.038863 0.0081 2240 1040 1450 0.290107 0.095676 0.018551 0.030769 0.009084 0.001411 0.035617 0.015998 0.002327 2150 1280 1160
0.657865 0.241314 0.093332 0.061608 0.020018 0.007117 0.075997 0.03711 0.011225 2590 1090 1270 0.307221 0.050473 0.026839 0.031806 0.005094 0.001976 0.037784 0.008516 0.003548 1990 1630 1340
0.78148 0.266689 0.068011 0.072454 0.022153 0.005242 0.090724 0.039606 0.008105 2470 1310 1300 0.544928 0.092049 0.014485 0.053514 0.008161 0.001061 0.063349 0.016164 0.001955 2000 900 1260
0.68755 0.194342 0.110907 0.064539 0.016131 0.008433 0.080546 0.031178 0.012591 2850 1490 1770 0.420737 0.076854 0.025354 0.042431 0.007322 0.001934 0.049894 0.013164 0.003147 2110 1000 1140
0.776739 0.237112 0.112685 0.071738 0.019462 0.008693 0.089836 0.03638 0.013109 3090 1060 2050 0.400477 0.078775 0.018004 0.040632 0.00735 0.001295 0.048357 0.013452 0.002483 1970 1590 1270
0.53057 0.264689 0.078458 0.051001 0.021934 0.006099 0.06232 0.039662 0.009609 3310 1240 970 0.343271 0.113028 0.01775 0.036276 0.010313 0.001313 0.042111 0.018469 0.002378 3080 1580 1600
0.791506 0.280554 0.088517 0.073303 0.023185 0.006844 0.091289 0.042726 0.010534 3100 1890 1390 0.408413 0.088327 0.016362 0.040993 0.008053 0.001242 0.048443 0.015921 0.002019 2370 1090 1330
0.56241 0.250896 0.06826 0.052833 0.021138 0.005263 0.066826 0.037923 0.008235 2610 2890 1430 0.462538 0.093303 0.021489 0.046212 0.008403 0.001674 0.055226 0.015941 0.002485 2120 1020 1020
0.838595 0.268684 0.071954 0.077942 0.022217 0.005439 0.096933 0.039656 0.009178 2830 1160 1310 0.342896 0.081508 0.016574 0.03515 0.00762 0.001273 0.041536 0.01387 0.002021 1390 1110 2520
0.886458 0.322837 0.120749 0.081458 0.027089 0.009182 0.100814 0.046957 0.013868 2590 1770 1250 0.528878 0.092199 0.020141 0.052907 0.008725 0.001537 0.061848 0.0158 0.002553 2740 1390 1580
0.897555 0.211303 0.075757 0.082812 0.017818 0.005817 0.103598 0.032159 0.009207 2710 1330 1230 0.491645 0.087197 0.019712 0.04813 0.008127 0.001504 0.057275 0.014671 0.002413 2110 1810 980
0.742627 0.287286 0.072001 0.069852 0.023944 0.005487 0.086045 0.043429 0.008669 2970 1340 970 0.332782 0.063657 0.018521 0.035014 0.006205 0.001401 0.040385 0.011035 0.002259 2150 1590 1170
0.725092 0.21239 0.090441 0.067971 0.017841 0.00681 0.08533 0.033376 0.011303 3010 1150 1470 0.372396 0.081135 0.024767 0.038347 0.007622 0.001933 0.045117 0.013609 0.002957 2590 1500 1080
0.731115 0.265132 0.098424 0.068162 0.021861 0.007653 0.08514 0.040067 0.011263 2110 1110 1190 0.714932 0.092732 0.022054 0.068629 0.008485 0.001679 0.082834 0.016219 0.002804 3750 1170 1260
0.638366 0.222121 0.06251 0.059065 0.018537 0.00468 0.073837 0.033329 0.007911 2180 1830 1240 0.360379 0.098607 0.022375 0.036476 0.008896 0.001765 0.042484 0.016044 0.002616 1810 1650 1520
0.864015 0.296737 0.079873 0.080083 0.024717 0.005992 0.099772 0.042688 0.010234 2590 1310 1070 0.390152 0.082981 0.023826 0.040034 0.007532 0.001765 0.046301 0.014536 0.003018 1870 1240 1530
0.858404 0.217078 0.079978 0.079562 0.018216 0.006142 0.100089 0.033903 0.009524 2590 1520 1020 0.526102 0.064825 0.018063 0.052037 0.006181 0.001324 0.061777 0.011432 0.002487 2920 1370 1300
0.537171 0.318891 0.076176 0.050892 0.026346 0.005787 0.063022 0.047308 0.009342 2510 1540 1360 0.554432 0.087663 0.022187 0.054706 0.007906 0.001616 0.06563 0.015603 0.002967 2920 1190 1590
0.690669 0.21896 0.092253 0.063754 0.018037 0.007026 0.082072 0.034767 0.011035 2370 1320 1390 0.492505 0.107654 0.022285 0.049442 0.009814 0.001733 0.058447 0.01791 0.002572 3480 1340 1320
0.446457 0.255288 0.086409 0.042875 0.021349 0.006587 0.054264 0.037536 0.01043 1790 1180 1960 0.412003 0.079639 0.012157 0.04136 0.007694 0.000951 0.04907 0.013593 0.001465 2130 1460 1160
0.650038 0.264856 0.08106 0.06028 0.021533 0.006197 0.077437 0.041147 0.010154 3570 2110 1840 0.387218 0.07729 0.017525 0.03897 0.007266 0.001343 0.046632 0.013717 0.002028 1870 1920 1100
0.715247 0.26045 0.084199 0.066694 0.02178 0.006475 0.083148 0.038387 0.009992 3320 1260 1020 0.477903 0.077146 0.023462 0.048136 0.007321 0.001754 0.056736 0.013121 0.003061 2730 1510 1590
0.710513 0.187243 0.076917 0.065287 0.015929 0.005768 0.08309 0.029477 0.009815 2290 1510 1750 0.273576 0.067837 0.020686 0.028426 0.006581 0.001585 0.033642 0.011747 0.002394 2030 1120 1160
0.562902 0.23424 0.103938 0.053619 0.019706 0.007909 0.066821 0.035991 0.012453 2220 1280 1150 0.30492 0.071877 0.01703 0.032536 0.006835 0.001257 0.037624 0.011921 0.002244 2010 1920 1140
0.613824 0.323087 0.098375 0.057324 0.026847 0.007639 0.073341 0.045524 0.011599 2470 2200 1700 0.308042 0.090061 0.015816 0.032568 0.008447 0.001195 0.03843 0.015014 0.001867 2060 1430 1250
0.697998 0.347032 0.058873 0.065312 0.028934 0.004463 0.081154 0.051017 0.00745 3310 1820 1140 0.48092 0.092012 0.015413 0.048236 0.008852 0.00119 0.056861 0.015542 0.001944 2360 1560 1490
0.915848 0.273337 0.116243 0.084713 0.022375 0.009093 0.105798 0.041423 0.01339 3200 1470 1270 0.455405 0.08848 0.019761 0.045818 0.007924 0.001453 0.055159 0.015586 0.002613 2120 1450 1350
1.072317 0.253396 0.090943 0.098061 0.020706 0.006936 0.122894 0.038927 0.010526 2920 1670 1160 0.581483 0.089477 0.023764 0.057286 0.007953 0.001819 0.068177 0.015623 0.00277 2510 1180 1070
0.758783 0.260177 0.088624 0.070805 0.0216 0.006752 0.087874 0.038581 0.011206 2790 1180 1580 0.369498 0.116027 0.018586 0.03788 0.010157 0.001361 0.044332 0.019169 0.002497 2170 1180 1190
0.842787 0.251845 0.052876 0.078588 0.020933 0.004185 0.09696 0.038224 0.006199 2890 1400 1080 0.546266 0.077733 0.018403 0.054192 0.007195 0.00139 0.063324 0.013733 0.002341 2580 1570 1330
0.763326 0.292963 0.080898 0.070812 0.024234 0.006241 0.089123 0.04213 0.009533 2110 1360 1390 0.40624 0.061667 0.023248 0.04082 0.00604 0.001802 0.049104 0.010649 0.002721 1750 1840 1050
5 6
simulation run timeCO HC NOx CO HC NOx simulation run time
42 
 
Table 8. Raw output data of all responses with 100 replications of scenarios 7 and 8. The three 
policies are compared next to each other within each merged response column. 
 
1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3
1.117857 0.534245 0.116514 0.08464 0.032963 0.007334 0.13651 0.078128 0.01477 2450 1190 1230 0.415231 0.226883 0.034491 0.035554 0.014486 0.002153 0.053882 0.035489 0.004408 1740 1470 1350
1.040996 0.609154 0.126045 0.077922 0.037069 0.007832 0.12775 0.089911 0.015987 2450 1540 1410 0.679703 0.231279 0.035353 0.055286 0.014633 0.002175 0.084413 0.036644 0.004427 2120 1770 1260
1.142137 0.546487 0.147991 0.086498 0.034188 0.009219 0.13872 0.081442 0.018608 2410 1770 1050 0.580893 0.237661 0.051713 0.048321 0.015588 0.003062 0.070586 0.038699 0.006739 1970 1490 1520
1.19082 0.487326 0.132881 0.088908 0.03015 0.008453 0.144507 0.074019 0.016252 3090 1420 1330 0.744239 0.214858 0.03814 0.059856 0.013566 0.002208 0.091911 0.033219 0.005244 2270 1530 1500
1.050879 0.627321 0.139516 0.07887 0.039188 0.008838 0.126945 0.092794 0.01724 2280 1300 1100 0.68816 0.159948 0.057821 0.055209 0.010166 0.003506 0.085104 0.025326 0.007437 2120 1000 1270
1.279014 0.554198 0.116952 0.095697 0.033459 0.007467 0.156378 0.080595 0.014512 3180 1430 950 0.700085 0.172306 0.023606 0.057299 0.011214 0.001425 0.085822 0.027162 0.003124 2600 1190 1020
1.316816 0.447518 0.130624 0.098466 0.027774 0.008127 0.159479 0.068434 0.0164 2680 1360 1770 0.627546 0.265256 0.019985 0.050427 0.016359 0.001255 0.077922 0.040866 0.00246 1990 2210 1630
0.995707 0.663094 0.155149 0.074865 0.042152 0.009875 0.123196 0.095802 0.019145 2630 1250 1380 0.592884 0.222337 0.033391 0.048853 0.014496 0.001741 0.073988 0.035711 0.004728 3190 1160 1510
1.220342 0.467733 0.097794 0.092088 0.0287 0.005826 0.146706 0.071524 0.012789 2870 1410 1280 0.587165 0.204796 0.031945 0.047523 0.012917 0.001869 0.073534 0.031279 0.004315 2070 1120 1160
1.31128 0.559407 0.119596 0.098326 0.034909 0.007597 0.157551 0.082376 0.014803 3310 1210 1230 0.666284 0.340402 0.051901 0.053907 0.021731 0.003382 0.082619 0.054204 0.006552 2130 1080 990
1.355269 0.546359 0.136448 0.101071 0.033825 0.00819 0.163727 0.081119 0.018459 2350 1290 1100 0.670468 0.244265 0.04183 0.054229 0.015392 0.002617 0.083202 0.038031 0.005296 2720 1060 1410
0.95148 0.598409 0.13303 0.073457 0.037039 0.008406 0.114586 0.089844 0.016757 2830 1470 980 0.470852 0.20815 0.035518 0.03889 0.013433 0.002161 0.06103 0.033253 0.005137 2710 1260 1170
0.928904 0.656827 0.129208 0.070887 0.040591 0.008359 0.113536 0.098502 0.015551 2830 1340 2080 0.921224 0.231446 0.028512 0.07309 0.015032 0.001813 0.109631 0.037712 0.003672 2030 2170 1920
1.233129 0.471126 0.120579 0.093961 0.029092 0.007638 0.147357 0.06925 0.01512 3070 2010 1500 0.492197 0.199813 0.042954 0.040802 0.012972 0.002636 0.062949 0.032737 0.005538 2250 1440 1490
1.066243 0.482218 0.159487 0.080993 0.029457 0.010666 0.130199 0.0726 0.018759 2440 1560 1230 0.784079 0.132133 0.020627 0.061621 0.009154 0.001274 0.098997 0.022667 0.002807 2390 1140 1250
1.239707 0.571778 0.162901 0.093236 0.035493 0.010515 0.148751 0.084452 0.019472 2640 1640 1230 0.617082 0.225703 0.031728 0.049167 0.014821 0.002011 0.079426 0.037437 0.004119 2150 1450 1070
1.004274 0.595402 0.115736 0.075711 0.037115 0.007288 0.124011 0.086771 0.014522 3070 1290 1480 0.515606 0.231534 0.032348 0.042217 0.014858 0.002018 0.066097 0.036257 0.004008 2440 1570 1430
1.159725 0.412999 0.191574 0.087287 0.025111 0.012527 0.138737 0.060539 0.022788 3800 1370 1070 0.781889 0.267987 0.022198 0.062484 0.016656 0.001296 0.095615 0.042 0.002969 2040 1720 940
1.073445 0.471671 0.10781 0.080627 0.029312 0.006776 0.130958 0.068812 0.013756 2490 1600 1300 0.787564 0.197676 0.037978 0.062858 0.01265 0.002301 0.094953 0.030718 0.005145 2460 1480 1390
1.313229 0.527705 0.123487 0.099182 0.03223 0.007826 0.158154 0.077493 0.015784 2990 1330 1010 0.570024 0.238743 0.02106 0.046621 0.015232 0.001402 0.071359 0.037731 0.002416 2590 1440 1100
1.150174 0.361571 0.105966 0.085525 0.022641 0.00664 0.141748 0.057066 0.0132 2130 1120 1170 0.660924 0.217189 0.032383 0.053778 0.014127 0.002016 0.080164 0.034822 0.003914 2260 1500 1290
1.24715 0.456643 0.105985 0.093793 0.02844 0.006613 0.151792 0.06852 0.013694 2590 1250 1210 0.618371 0.193476 0.020304 0.050305 0.012459 0.001335 0.076448 0.030255 0.002399 1630 2060 1200
0.73879 0.659438 0.150123 0.056486 0.040282 0.009398 0.093578 0.096288 0.018594 2950 1830 1230 0.758823 0.196941 0.034233 0.061411 0.013071 0.00223 0.093609 0.032516 0.004024 2610 1260 1040
1.195829 0.586325 0.142646 0.090148 0.03668 0.009057 0.144226 0.085845 0.017568 2500 1620 1310 0.526903 0.259456 0.039681 0.042458 0.016328 0.002312 0.065938 0.040438 0.005617 1950 1380 1240
1.203913 0.591823 0.213363 0.091257 0.037753 0.013829 0.145178 0.086837 0.025104 4120 2040 1890 0.661732 0.183842 0.048966 0.053129 0.012047 0.002938 0.082189 0.029204 0.006305 2360 1770 1210
0.986345 0.495312 0.149842 0.075212 0.030426 0.009498 0.120871 0.074102 0.018494 3230 2110 1240 0.699669 0.20138 0.057921 0.057047 0.013686 0.003504 0.085581 0.032834 0.00751 2640 2310 1170
1.089266 0.517973 0.144746 0.082017 0.031728 0.00924 0.133362 0.076896 0.017875 2480 1610 1460 0.753598 0.188785 0.03295 0.061721 0.012502 0.001939 0.090153 0.030034 0.004245 2710 1660 1010
1.23916 0.533632 0.159948 0.09306 0.033595 0.010457 0.149986 0.079928 0.019029 3070 1490 1170 0.553642 0.271306 0.033687 0.045271 0.017369 0.002091 0.069077 0.041962 0.004223 1630 1220 1030
1.146755 0.537519 0.151423 0.087178 0.032504 0.009428 0.137995 0.080437 0.019104 2820 1260 1070 0.622666 0.227951 0.038169 0.051703 0.014808 0.002252 0.07734 0.03642 0.005242 1890 2040 1460
1.120827 0.483173 0.185004 0.083956 0.029913 0.011919 0.135995 0.069602 0.022198 2680 970 1640 0.675975 0.189286 0.041978 0.054543 0.01231 0.002669 0.085017 0.029302 0.005408 1990 1270 1170
1.085862 0.564017 0.119026 0.082703 0.0348 0.007681 0.132389 0.084598 0.014454 2710 1690 1090 0.826223 0.237437 0.029357 0.066321 0.015304 0.00186 0.101982 0.037416 0.003851 2120 1740 1330
1.431257 0.488096 0.204319 0.107184 0.030788 0.013203 0.170897 0.073081 0.02469 2710 1590 1140 0.728466 0.179706 0.026608 0.058799 0.011988 0.001606 0.089498 0.029361 0.003729 3500 1530 1200
1.087397 0.561966 0.133947 0.081946 0.034449 0.008409 0.133935 0.085427 0.016774 3590 2170 1140 0.751981 0.26084 0.034164 0.06017 0.016636 0.002063 0.092184 0.042491 0.004294 2160 1360 980
1.158199 0.56661 0.104775 0.086485 0.035052 0.006639 0.139893 0.08334 0.013093 2040 1340 2130 0.531697 0.211075 0.039065 0.044421 0.012865 0.00236 0.066142 0.033325 0.005196 3440 1180 1680
1.237828 0.449581 0.130927 0.093336 0.027657 0.008234 0.149964 0.06725 0.016331 3230 1210 2250 0.552862 0.17025 0.023389 0.045576 0.011153 0.001502 0.068528 0.027374 0.002847 2370 1740 1700
1.331652 0.537819 0.152683 0.100676 0.032954 0.009707 0.159131 0.080658 0.018661 2840 1550 1240 0.420654 0.23555 0.02672 0.035578 0.015031 0.001714 0.053995 0.03684 0.003201 2470 1640 1020
1.30357 0.52067 0.114962 0.098262 0.032589 0.0074 0.157427 0.079241 0.014517 2830 1860 1160 0.586906 0.162852 0.039748 0.047531 0.010408 0.002394 0.073586 0.026069 0.005437 2010 1090 1800
1.133374 0.663655 0.150966 0.083973 0.04066 0.00933 0.139087 0.096294 0.019335 2240 1330 1070 0.580383 0.258353 0.040129 0.047447 0.016372 0.002515 0.072289 0.040019 0.004863 1650 1480 1550
0.947891 0.477895 0.155459 0.072161 0.030139 0.009906 0.116179 0.070235 0.019084 2360 1380 1710 0.458392 0.223144 0.028895 0.038312 0.014688 0.001808 0.05811 0.035115 0.003611 3190 2010 1160
0.978213 0.459806 0.138482 0.074909 0.028771 0.008856 0.116978 0.069872 0.017426 2640 1120 1560 0.618956 0.232233 0.032685 0.050916 0.014586 0.001967 0.074936 0.037341 0.004207 2300 1370 1140
1.137573 0.523232 0.181702 0.086277 0.03222 0.010927 0.137536 0.078164 0.023228 2230 1330 1360 0.707777 0.257126 0.03121 0.057226 0.016218 0.001955 0.088279 0.04019 0.003794 2400 980 1390
1.034461 0.631891 0.170752 0.078185 0.03857 0.010884 0.126348 0.095469 0.020651 2810 1200 1690 1.004194 0.300454 0.04322 0.079159 0.01844 0.00249 0.120436 0.048769 0.005902 2250 2060 1170
0.879565 0.529276 0.152209 0.066383 0.032606 0.009758 0.107869 0.077921 0.018441 1770 980 1700 0.510141 0.21712 0.040627 0.042233 0.013971 0.002514 0.063621 0.033691 0.005437 2360 1510 1570
1.17791 0.601696 0.152958 0.089054 0.037368 0.00967 0.141805 0.089848 0.019293 3200 1690 1720 0.478264 0.228235 0.051386 0.039919 0.014766 0.00316 0.060582 0.036013 0.006351 2000 1380 1110
1.080441 0.534888 0.157354 0.08079 0.032926 0.009363 0.13313 0.078311 0.020949 2440 1170 1170 0.647121 0.205819 0.033101 0.051894 0.012526 0.002 0.080416 0.033293 0.004351 2470 1120 1070
0.930088 0.559 0.097571 0.070212 0.034852 0.005984 0.114734 0.08107 0.012784 2130 1240 1400 0.696643 0.195431 0.048208 0.056351 0.012295 0.002984 0.084404 0.031082 0.005919 2360 1250 1410
1.032953 0.538056 0.141668 0.078315 0.033064 0.00908 0.126 0.081453 0.017581 2540 1230 1080 0.825362 0.192783 0.043282 0.065781 0.012281 0.002552 0.100899 0.030646 0.005476 2110 1520 1010
1.223192 0.68559 0.153212 0.093142 0.04266 0.009719 0.14711 0.098649 0.018769 3400 1520 1570 0.765555 0.212383 0.028154 0.06181 0.013832 0.001689 0.093037 0.033406 0.003632 2230 1320 2150
1.039643 0.516183 0.126582 0.078333 0.032102 0.007956 0.125904 0.076819 0.015897 2380 1260 1360 0.45373 0.21107 0.036753 0.037339 0.013611 0.002222 0.059185 0.03306 0.005007 1810 1250 1410
0.899237 0.465976 0.135313 0.06896 0.028497 0.008322 0.110271 0.068959 0.017709 2240 1180 2780 0.778075 0.266376 0.025754 0.061618 0.017066 0.001653 0.095671 0.042779 0.003192 1870 1340 1440
1.115823 0.690896 0.164365 0.08409 0.042765 0.010081 0.135672 0.100915 0.021254 2380 1750 1440 0.768952 0.310975 0.038926 0.060642 0.019489 0.00234 0.095669 0.04977 0.005345 3250 1220 1120
1.252052 0.507121 0.17717 0.093473 0.031158 0.011308 0.150933 0.077155 0.021815 2590 1480 1060 0.878572 0.223273 0.047876 0.07037 0.014077 0.002964 0.105461 0.035097 0.006241 2710 1170 1770
1.139645 0.568625 0.125218 0.085657 0.035711 0.008123 0.137889 0.083094 0.015504 2350 1030 1150 0.556671 0.197565 0.037869 0.045445 0.012868 0.002398 0.069296 0.030715 0.004714 1650 1810 1080
0.896765 0.477586 0.121111 0.068367 0.02961 0.007662 0.109926 0.071719 0.01459 2600 1290 940 0.381999 0.182741 0.038805 0.032799 0.012304 0.00223 0.049362 0.029466 0.005513 2520 1100 1590
1.228649 0.506962 0.136102 0.092893 0.03162 0.008764 0.147381 0.076703 0.016363 2610 1910 990 0.540835 0.163189 0.034051 0.04534 0.010595 0.001985 0.068277 0.02548 0.004723 3430 1280 1980
0.734106 0.414433 0.183005 0.056234 0.025804 0.011495 0.08988 0.064359 0.023296 1990 1980 950 0.529576 0.201212 0.035687 0.044274 0.01263 0.002256 0.065703 0.032029 0.00465 2630 1410 1330
1.114038 0.560611 0.130867 0.084654 0.034334 0.008361 0.134961 0.084237 0.016179 2960 1300 1040 0.634641 0.175307 0.031888 0.051064 0.011279 0.002095 0.078869 0.02875 0.003693 2120 1470 1200
1.062518 0.621224 0.155423 0.080139 0.038432 0.009974 0.128526 0.090128 0.01919 2960 1150 1260 0.596429 0.25472 0.040083 0.048595 0.016076 0.002332 0.074916 0.040223 0.005385 2260 1410 910
1.186952 0.591062 0.110699 0.090838 0.036309 0.00679 0.141431 0.087403 0.014038 2840 1310 1200 0.928701 0.239212 0.033522 0.074044 0.014838 0.002022 0.112599 0.036316 0.004582 2750 1150 1340
0.822697 0.696131 0.105431 0.062727 0.043789 0.006802 0.102458 0.100679 0.012714 3180 1490 1110 0.873275 0.266416 0.033407 0.069963 0.01697 0.002209 0.105857 0.042426 0.003932 2470 2390 1300
1.209331 0.555234 0.125814 0.091627 0.034991 0.008069 0.147435 0.081486 0.01551 2470 1400 1300 0.643761 0.187025 0.040702 0.052095 0.012164 0.002416 0.07914 0.030473 0.005447 2350 940 1400
1.292081 0.57152 0.166172 0.097928 0.034683 0.010392 0.15646 0.084511 0.021101 2770 1260 1180 0.82017 0.253131 0.02055 0.066102 0.015982 0.001288 0.099247 0.039929 0.002887 2480 1250 1170
1.267499 0.411581 0.13534 0.09439 0.025682 0.008368 0.154698 0.062829 0.017311 2830 1220 1490 0.753723 0.174176 0.032373 0.061147 0.011625 0.001969 0.092197 0.028123 0.004101 3570 1350 1060
0.883984 0.590269 0.102199 0.068037 0.036635 0.006488 0.107401 0.085716 0.012478 2730 1760 960 0.727419 0.172744 0.035663 0.058624 0.011485 0.002333 0.088877 0.027867 0.0042 2370 1610 1310
1.024372 0.599411 0.106758 0.077361 0.036589 0.006882 0.124821 0.08903 0.013014 2350 1270 990 0.541333 0.241473 0.027309 0.044127 0.015038 0.001767 0.069816 0.037801 0.003358 2770 1610 1090
0.998304 0.467066 0.160597 0.075919 0.029229 0.009816 0.121156 0.07027 0.020721 2030 1180 1310 0.557671 0.158607 0.03127 0.045933 0.010074 0.001927 0.069974 0.025302 0.004138 2220 1310 1030
1.176306 0.52601 0.11694 0.088337 0.032379 0.007476 0.143675 0.078938 0.014549 3230 1470 1760 0.593346 0.227353 0.041693 0.048701 0.014527 0.002522 0.072767 0.036019 0.005294 1890 1780 1340
1.514184 0.583567 0.135849 0.112512 0.036506 0.008638 0.181459 0.086224 0.016645 2490 1540 1260 0.467912 0.217835 0.031327 0.038988 0.014039 0.001804 0.059348 0.035047 0.004319 2490 1540 1180
1.193448 0.456256 0.136267 0.089665 0.028355 0.008769 0.143811 0.069762 0.016555 2830 1610 1510 0.462574 0.204178 0.03057 0.038382 0.013014 0.001826 0.059604 0.03283 0.004074 2290 1690 1250
1.218112 0.441924 0.136496 0.09198 0.027322 0.0087 0.146411 0.065539 0.016603 2720 1280 1190 0.640303 0.250724 0.033738 0.050704 0.015872 0.002109 0.081657 0.0398 0.004242 1750 1250 1110
1.002743 0.541981 0.127049 0.075818 0.033327 0.007914 0.123466 0.082033 0.016009 2460 1040 1350 0.587624 0.211037 0.044876 0.047984 0.013565 0.002607 0.073557 0.033088 0.006182 2130 1830 1130
1.149004 0.531117 0.100378 0.086703 0.032172 0.00631 0.140428 0.080688 0.012787 3490 1430 990 0.487766 0.153583 0.031802 0.040462 0.010052 0.001848 0.06154 0.023734 0.004285 2490 970 1940
0.998872 0.480175 0.1047 0.076628 0.029637 0.006481 0.120253 0.069732 0.013324 3090 1170 1140 0.649342 0.172405 0.04057 0.051898 0.011374 0.002352 0.0828 0.026903 0.005526 3470 1450 1280
1.142715 0.613092 0.120629 0.086468 0.038392 0.007462 0.137645 0.088822 0.015438 3070 1150 1200 0.736519 0.168854 0.038596 0.059173 0.010901 0.002305 0.088689 0.027055 0.005318 2350 1390 1090
1.157703 0.517663 0.159905 0.087144 0.031785 0.010156 0.141333 0.077514 0.019642 2610 1420 1150 0.705126 0.235395 0.022766 0.056502 0.015428 0.001502 0.087943 0.03821 0.002772 2030 1300 1530
0.967961 0.497615 0.148722 0.07305 0.030614 0.009509 0.118042 0.073698 0.018402 2680 1410 1420 0.464538 0.248911 0.028627 0.038343 0.015532 0.001867 0.059781 0.038054 0.003316 1880 1480 1490
0.978734 0.599263 0.142283 0.074151 0.037323 0.008422 0.119326 0.089463 0.018739 2360 1490 1860 0.638633 0.224277 0.025449 0.051759 0.01449 0.001631 0.080776 0.036664 0.003081 1990 1520 1110
1.030197 0.503651 0.095877 0.078819 0.03213 0.006144 0.125251 0.075424 0.012006 2710 1850 1120 0.552384 0.253871 0.037723 0.045864 0.01646 0.002357 0.069378 0.039707 0.004854 1880 1590 1480
0.976903 0.623587 0.08467 0.074187 0.038221 0.005247 0.119068 0.091173 0.010921 2260 1770 1240 0.678811 0.305955 0.024767 0.054767 0.019256 0.001606 0.083088 0.047643 0.00307 1680 1370 1430
1.072223 0.718377 0.1531 0.081634 0.04363 0.009364 0.130014 0.104475 0.019768 2680 1360 1700 0.515123 0.241236 0.042079 0.042979 0.015375 0.002668 0.064015 0.037702 0.005244 2370 1140 930
1.063672 0.613765 0.146781 0.081215 0.038504 0.009341 0.127853 0.090613 0.018011 2530 1480 1350 0.412383 0.281236 0.042214 0.034748 0.017592 0.002722 0.053794 0.043399 0.005094 2310 1400 1150
1.161991 0.604625 0.146235 0.087695 0.037958 0.009345 0.140837 0.087268 0.018227 2750 1610 1460 0.833412 0.240929 0.028445 0.066679 0.015538 0.00173 0.10265 0.037918 0.003853 2480 1180 1290
1.257679 0.658397 0.139679 0.093559 0.040373 0.008796 0.152612 0.095445 0.017327 2300 1170 1130 0.636601 0.199259 0.041279 0.05161 0.012888 0.002391 0.078619 0.031128 0.005869 2200 1330 1380
1.229554 0.605661 0.143714 0.092641 0.038354 0.00901 0.147534 0.088142 0.017901 2350 1600 1470 0.626184 0.301469 0.039052 0.051566 0.018723 0.002131 0.078618 0.047013 0.005449 1960 1050 920
0.990549 0.580094 0.137576 0.075739 0.035659 0.00865 0.119285 0.086527 0.017435 2750 1240 1540 0.728727 0.242136 0.027413 0.05954 0.015725 0.001683 0.087309 0.037337 0.003464 2400 1890 1070
1.168201 0.509051 0.127827 0.087822 0.031357 0.00841 0.14191 0.077035 0.015369 2470 1330 1410 0.544946 0.209425 0.035076 0.045328 0.013623 0.002012 0.067541 0.033559 0.005101 1870 1500 1470
1.294079 0.528316 0.130385 0.097543 0.033112 0.008319 0.156082 0.078738 0.015638 2680 1630 1410 0.490062 0.19126 0.022039 0.040058 0.012189 0.001336 0.061711 0.030826 0.003041 2850 1270 1270
1.377682 0.569741 0.141777 0.103312 0.035609 0.009154 0.16635 0.085648 0.017368 2990 1870 1870 0.625353 0.224893 0.035786 0.051051 0.014296 0.002232 0.079564 0.035265 0.004636 2250 1750 1790
0.861285 0.538973 0.143656 0.06462 0.032795 0.00944 0.105528 0.079873 0.017051 2470 1320 1300 0.42326 0.214774 0.040983 0.036058 0.013539 0.002501 0.052702 0.033932 0.005321 1670 1060 1160
1.220666 0.395417 0.156241 0.091371 0.024739 0.00997 0.148899 0.05988 0.019556 2610 1320 1270 0.423214 0.199372 0.023455 0.034565 0.013262 0.00146 0.053847 0.031904 0.003021 1770 2110 1230
1.18378 0.463987 0.121056 0.089113 0.028647 0.007635 0.144676 0.069219 0.014813 2730 1440 1890 0.652358 0.218937 0.033548 0.053564 0.013785 0.001949 0.080498 0.033116 0.004748 2140 1300 1230
1.099939 0.571297 0.106302 0.082734 0.035519 0.006542 0.132754 0.082158 0.013621 3430 1990 1190 0.368205 0.379096 0.037448 0.030937 0.023212 0.002212 0.049577 0.05934 0.0051 1990 2180 1850
1.186084 0.559856 0.142486 0.090704 0.034421 0.00858 0.141596 0.082321 0.018495 2700 1300 1320 0.665901 0.344362 0.038331 0.054353 0.02155 0.002264 0.082441 0.053139 0.004921 2970 1360 1260
0.947247 0.83412 0.14241 0.072131 0.050954 0.00937 0.115165 0.119352 0.016916 2610 1420 1370 0.51977 0.272182 0.029456 0.042885 0.016969 0.001713 0.065919 0.043246 0.003954 2250 890 1470
1.005257 0.522641 0.14434 0.077369 0.032331 0.009134 0.121864 0.079368 0.018039 2370 1990 1150 0.699439 0.245655 0.033725 0.056547 0.015626 0.002038 0.085241 0.038098 0.004321 3450 1190 950
0.926494 0.505515 0.135045 0.071023 0.031412 0.008241 0.114741 0.073634 0.017722 2590 1580 1190 0.77166 0.18271 0.025851 0.061798 0.011853 0.001653 0.0943 0.029438 0.003106 2540 1290 1160
1.128212 0.475438 0.155096 0.085575 0.028677 0.009857 0.136225 0.072985 0.019363 2340 1750 1310 0.708735 0.237398 0.036748 0.057376 0.015311 0.002132 0.086153 0.036784 0.00536 2270 1710 1240
1.135892 0.585746 0.129837 0.084646 0.035682 0.008322 0.138321 0.086883 0.016091 2440 1370 1200 0.534454 0.235143 0.035999 0.044494 0.015051 0.002202 0.066884 0.038274 0.004768 1890 1460 1280
0.960399 0.608325 0.117519 0.073717 0.03714 0.00722 0.115022 0.089558 0.015251 2700 1140 950 0.51621 0.210981 0.023875 0.042034 0.013797 0.001614 0.066177 0.033695 0.002712 2440 1350 1990
1.18079 0.477973 0.136307 0.087298 0.029437 0.008727 0.144032 0.071822 0.016905 2470 1130 1170 0.808601 0.221919 0.026801 0.065483 0.014153 0.001576 0.097876 0.0348 0.003655 2590 1280 1360
7 8
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7.2  Regression Analysis 
7.2.1 Regression Analysis of Policy 1 Responses 
7.2.1.1 Emission Responses 
 
Figure 22. Response plots for average CO emissions in Policy 1. 
 
Figure 23. Box plots for average CO emissions in Policy 1. 
 
 





Figure 25. Normal probability plot of saturated model effects for CO emissions in Policy 1. 
 
 




Figure 27. Residual plots for CO emissions in Policy 1. 
 
 





Figure 29. Significant 2-way interactions plot for CO emissions in Policy 1. 
 
 









Figure 32. Correlation matrices for all emission responses: CO, HC, and NOx in Policy 1. 





Figure 33. Response plots for average time in system in Policy 1. 
  
 
Figure 34. Box plots for average time in system in Policy 1. 
 
 





Figure 36. Normal probability plot of saturated model effects for time in system in Policy 1. 
 
 





Figure 38. Residual plots for time in system in Policy 1. 
 
 





Figure 40. Significant 2-way interactions plot for time in system in Policy 1. 
 
 




Figure 42. Factor coefficients for time in system response in Policy 1. 
7.2.2 Regression Analysis of Policy 2 Responses  
7.2.2.1 Emission Responses 
 
 





Figure 44. Box plots for average CO emissions in Policy 2. 
 
 





Figure 46. Normal probability plot of saturated model effects for CO emissions in Policy 2. 
 
 





Figure 48. Residual plots for CO emissions in Policy 2. 
 
 





Figure 50. Significant 2-way interactions plot for CO emissions in Policy 2. 
 
 





Figure 52. Factor Coefficients for CO emissions response in Policy 2. 
 
 
Figure 53. Correlation matrices for all emission responses: CO, HC, and NOx in Policy 2. 
 





Figure 54. Response plots for average time in system in Policy 2. 
 
 





Figure 56. ANOVA analysis summary of factor significance for time in system in Policy 2. 
 
 





Figure 58. Residuals vs predicted responses for time in system in Policy 2. 
 
 





Figure 60. Main effects plot for average time in system in Policy 2. 
   
 





Figure 62. Significant 2-way interactions with factor levels for time in system in Policy 2. 
 
 






7.2.3 Regression Analysis of Policy 3 Responses 
7.2.3.1 Emission Responses 
 
 
Figure 64. Response plots for average CO emissions in Policy 3. 
 





Figure 66. ANOVA analysis summary of factor significance for CO emissions in Policy 3. 
 
 





Figure 68. Residuals vs predicted responses for CO emissions in Policy 3. 
 
 





Figure 70. Main effects plot for average CO emissions in Policy 3. 
 
 





Figure 72. Significant 2-way interactions with factor levels for CO emissions in Policy 3.  
 
 





Figure 74. Correlation matrices for all emission responses: CO, HC, and NOx in Policy 3. 
 
7.2.3.2 Simulation Run Time Response 
 
 





Figure 76. Box plots for average time in system in Policy 3. 
 
 
Figure 77. ANOVA analysis summary of factor significance for time in system in Policy 3. 
 
 





Figure 79. Residuals vs predicted responses for time in system in Policy 3. 
 
 






Figure 81. Main effects plot for average time in system in Policy 3. 
 
 





Figure 83. Significant 2-way interactions with factor levels for time in system in Policy 3. 
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